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Abstract

ENHANCED ENERGY STORAGE AND CONVERSION APPLICATIONS BY
POROUS CARBON AND ATOMIC LAYER DEPOSITION

By Yomna H. Abdelmoaty, Ph.D.

A dissertation submitted in partial fulfillment of the requirements for the degree Doctor of
Philosophyat Virginia Commonwealth University.

Virginia Commonwealth University, 2017
Director: Hani M. El-Kaderi, Associate Professor, Department of Chemistry

The design and synthesis of porous materials attracted great attention recently because of
their potential use in many fields like clean energy and environmental protection. Herein, we
introduced new synthetic approaches for the preparation for porous carbons and organic polymers
for selective CO2 and iodine capture application. Regarding CO2 capture application, Two new
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series of porous carbons (PYDCs) and (TRI-Ps) were synthesized by thermally activating Pyrazole
and Triazolo Pyridine monomers respectively using KOH as a catalyst, which leads to porous
carbon. PYDCs exhibit high surface area according to Brunauer–Emmett–Tellertheory (SABET =
1266–2013 m2 g−1), high CO2 Isosetric heat Qst(33.2-37.1 kJ/mol) and significantly high CO2
uptakes 8.59mmol g−1 (1bar) at 273k. The reported porous carbons also show significantly high
adsorption selectivity for CO2/N2 (128) and CO2/CH4 (13.4) according to Ideal adsorbed solution
theory (IAST) calculation using pure gas isotherms at 298 K. TRI-Ps exhibit high surface area
(SABET=1852- 2917 m2 g−1) with a combination of mesoporous and microporous pores. TRI-Ps
exhibit CO2 capture capacity of 6.98mmol g−1 at 1 bar and 273K. The development of majority of
microporous offered a high CO2 storage capacity to TRI-Ps. High CO2 uptake achieved as a result
of preferable pore size, surface area, and high oxygen content and high Qst values. Based on IAST
calculation, high CO2/N2 selectivity (113.9) at 298K was achieved.
Regarding iodine capture application, two new series of porous organic polymers
Benzamidizole Linked Polymers (BILPs) and nitrogen rich porous Polymers (NRPPs) were
synthesized and tested. Iodine capture, sorption isotherm and kinetics of adsorption were studied.
BILPs exhibit iodine uptake capacity of 227.8 wt.% and 202.8 wt. % for BILP-A and BILP-B
respectively. BILP-A shows ability of releasing 95.8% of captured iodine, while, BILP-B released
82.22%. Sorption curves were fitted by Freundlich equation indicating a heterogeneity of
adsorption process on the surface. NRPPs exhibit iodine capacity of 192.35 wt.% and 222.35 wt.
% for NRPP-1 and NRPP-2 respectively. NRPPs shows ability of releasing the majority of
adsorbed Iodine. Sorption curves were fitted by Langmuir equation indicating a heterogeneity of
adsorption process on the surface.

.
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Chapter I
Introduction

1.1 Scope of work
Sorbent materials have recently attracted a great deal of attention due to their great diversity of
applications in many science and technology fields. In this project, new porous materials have
been synthesized for two major applications; CO2 capture & separation application and Iodine
capture for nuclear application. Global warming and climate change are, technically, one of the
most serious challenges toward humankind and the environment. The impact of climate change
has been observed in numerous catastrophic phenomena such as glacier retreat1, changes in the
timing of seasonal events2 and changes in agricultural productivity.3 Emitting greenhouse gases
(GHG) is the principal cause for global warming. One of the major greenhouse gases that are
emitted in United states as a result of human activity is Carbon dioxide (CO2), which is a common
exhaust gas produced through consuming fossil fuels.4 Carbon dioxide capture and
sequestration(CCS) is the typical strategy in tackling the problem until replacing the fossil fuel as
a power source.5 This strategy includes synthesizing a material with a high capacity for storing
CO2. The goal of this section of the study is to contribute to the progress of confronting global
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warming phenomenon throughout improving the efficiency of the materials employed in capturing
and storing CO2. Two new materials have been synthesized with high capacity, in addition to
overcoming common difficulties in storing carbon dioxide. A number of studies have been focused
on innovating technologies and materials, which have a high capacity for storing CO2 and have
low cost through a simple synthesis process. Physisorption and chemisorption are the two common
techniques for capturing CO2. Chemisorption

technique is unfavorable due to the high

consumption of heat for regenerating the used solution, and also, the degradation and corrosiveness
of the system.6 Physisorption technique is more preferable for storing CO2 as a liquid free and easy
to regenerate the adsorbent. There are many porous adsorbents such as metal –organic frameworks
(MOFs)7-9, porous organic polymers (POPs)10-11 and porous carbon, which all are qualified for
CO2 capturing. MOFs and POPs achieve high capacity at both low and high pressures. However,
preparing those materials requires vigorous reaction conditions and complicated synthesis. In
contrast, porous carbon has many advantages over the other adsorbents such as being a metal free
material with lower cost, lighter weight, higher physical and chemical stability, more easily dope
by heteroatom, easier to regenerate the sorbent and control its electronic and chemical properties.
Furthermore, the capacity of porous carbon is tunable through increasing the percentage of
heteroatom contents such as N,O and S.12 Porous carbon was introduced as an adsorbent for CO2
achieving high capacity and separation efficiency.13 However, the capacity of CO2 storage needs
to be improved. According to Lewis acid-base theory 14-16, increasing the percentage of nitrogen
atoms increases the basicity of the carbon, thus, the acidic nature of CO2 increases the efficiency
of reaction and adsorption capacity.15 Two common methods to synthesis N doped porous carbon
are: synthesizing through carbonization of N rich precursor or expose the sample to nitrogen
source at high temperature after synthesis of the porous carbon.17 Polymers are commonly used as
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N rich source precursor due to their stability and low volatility. However, multiple complicated
steps are required, Enriching carbon by nitrogen after preparation requires employment of
corrosive material and high temperatures.18 Therefore, the need for developing simple approach is
required. Preparing porous carbon using monomers was not recommended due to its volatility and
low thermal stability, while carbonization requires high temperature. It’s worthy to note that
monomer was used as a precursor to synthesize N-rich carbon, for the first time, using
Benzimidazole with simple calcinations process.19 The technique used to suppress the volatility
nature for monomers is forming non volatile salt by solid state reaction between Benzimidazole
and catalyzer (KOH) at low temperature.20 Benzimidazole is suitable due to its relative acidic
nature and high tendency to form salt. Then, pores take place through thermal activation
mechanisms.21 This approach achieved high surface -area, high capacity for CO2 and separation
efficiency.
A combination of two facts were the motivation of choosing monomers with higher
nitrogen content as a precursor,, first, the new approach that monomers can be used as an efficient
precursor to prepare porous carbon for CO2 capture with simple synthesis; Second, increasing
heteroatom percentage in precursors improve the uptake. In this study, two different projects were
performed employing Pyrazole and Triazolo Pyridine as procurers. Selecting those monomers was
based on their being stable monomers containing higher nitrogen atoms. The significance of these
projects illustrates synthesizing porous carbon with high capacity for CO2 storage and separation
efficiency comparing with literature.22-29 Moreover, the synthesizing method is simple, low cost
and reactant materials are commercially available.
In the same context of reducing global warming, however, new material was engineered
with special specification that potentially qualifies for use as photocatalyst for CO2 photoreduction
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application. Converting CO2 to an invaluable gas employing photoreduction process, mainly; all
the necessary materials are affordable and available such as water and a source of energy.
However, improving the produced gas yield is still required. Since the qualified materials for
photoreduction are limited to semiconductors due to the gap band between valence and conductive
bands such as TiO, ZnO and CuO,30 an enhanced technique was required to improve the efficiency
of those photocatalysts. Doping or coating the photocatalyst is the technique being used to step up
energy gap, and consequently increase the produced yield of hydrocarbon gas. Coating the
photocatalyst requires a thin layer on a scale of nanometer uniformly distributed along the whole
sample. The layer thickness should be optimized to meet the requirement of being adequate to
enable transferring the electron without being trapped on the contact surface. At the same time,
this thickness should not fully hide the photocatalyst in order not to prevent the photons from
reaching it. Atomic Layer Deposition (ALD) technique is unique in its ability of applying a thin
layer of oxide metals in a scale of atomic thickness. Therefore, the efforts are invested in
optimizing material thickness to improve produced gas yield. The significance of this project
illustrates in upgrading the yield of produced gases out of undesired gas such as CO2. The required
reactants are water and sun or indoor light, which is reasonable, available and clean. Tungsten
oxide is an available abundant semiconductor with low evaporating temperature that qualifies it to
be a photocatalyst. The main objective of this project is to employ synthetic methodology of
designing structure-controlled nanocatalysts using ALD and glancing atomic deposition (GLAD)
techniques for potential use in clean energy applications. We aim to synthesis and assess new
photocatalysts by integrating metal oxide nanostructure with semiconducting nanowires and
nanosprings to enable textural and electronic properties tuning of catalysts for enhanced CO 2
reduction to access value-added fuels using visible light. Although the focus will be on CO2
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reduction catalytic processes, the resulting nanocatalysts are expected to have a broad range of
applications such as water splitting and partial oxidation of alkenes.
A further application for porous material has been studied in this project, which is volatile
Iodine uptake for nuclear application. Radioactive 131I and 129I are considered as two of the most
harmful byproducts produced in the nuclear fission reactors due to their long lived half live time.
128

Te and

130

Te are fission fragments of

235

U, which is produced directly by neutron incident at

certain velocity. Irradiating Tellurium isotopes through neutron-gamma reaction followed by beta
emission will produce both 131 I and 129I.31-34 At normal operation conditions, Iodine release to the
environment is minimal due to the design of fuel element and containment structure enclosing the
reactor. However, at accident or transporting nuclear waste, radioactive iodine could be released
to the environment. For example, Hanford plant accident in the 1940s,35Windscale nuclear reactor
accident in 1957,36 Fukushima nuclear accident37 and the Chornobyl Power Plant in Ukraine in
1986.38

131

I has short lifetime (8.0197 days), which reduces the hazard of releasing it to the

environment; cooling down the reactor before waste transportation will be enough to get rid of it.
129

I is a long lived fission product (15.7 million years) and its release affect the metabolic process

of human body and might cause thyroid cancer. Based on iodine hazard, it was vital to design
porous material to adsorb volatile iodine at nuclear reactor accidents or waste transportation. There
are many materials have been chosen as sorbent, based on its composition and characteristics such
as inorganic adsorbents with silver content,39 MOFs40 and POPs.41-44 These silver containing
adsorbents have low uptake capacities, due to their limited accessible surface areas. Besides, high
silver content materials are costly and have environmental impact. MOFs recently used for iodine
capture, they have high capacity and uptake compared with silver content material. However, its
sensitivity for moisture is negatively influence iodine capture capability and limits its usage.45
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Therefore, the development of new porous adsorbents with a large surface area, high pore volume,
and robust chemical and thermal stability for iodine capture remains a significant challenge.
In this chapter, we will introduce different techniques and materials related to the three
different applications were studied in this project: CO2 capture and separation, CO2 photo
reduction and Iodine uptake. For CO2 capture application, we are discussing properties, advantage
and disadvantage of different sorbent materials such as porous adsorbents, porous organic
polymers (POPs), metal organic framework (MOFs), porous carbon and zeolites. For CO 2
photoreduction application, we are discussing CO2 photo reduction physics and theory, GLAD and
ALD techniques for depositing the nanowires and nanoparticles respectively. For Iodine uptake
application, we are introducing different materials performance for capturing Iodine.
In this project, Chapter II illustrates an assessment for the synthesis and performance of Pyrazole
derived porous carbons. Chapter III provide and evaluation of new series of Triazolo Pyridine derived
porous carbons. Chapter IV introduce new innovated technique (ALD) for Nanostructured
semiconductor of potential use for CO2 photoreduction. Chapter V provides a study for two new
series of polymers performance in adsorption and reversible storage of volatile Iodine for Nuclear
Application.
1.2 Types of sorbents for CO2 capture application
1.2.1 Porous adsorbents
Porous materials have been performed as a sorbents for separating CO2 from natural gas and flue
gas.46 There are many advantages qualify porous materials as candidate for CO2 capturing such as
their low heat capacity and high accessible surface for adsorbing CO2.46 Many factors determine if
there is enough interaction between the sorbent and captures gas molecules such as kinetic
diameter, polarizability, and quadrupole moment.47 By introducing a mixture of gases to porous
6

sorbent, the binding affinity of porous sorbents toward each gas molecules is different; due to their
different physical and thermodynamic properties that permit gas separation via selective
adsorption.47 The physical properties of the sorbate control the capacity of gas uptake within porous
sorbent. Molecules with high polarizability values and high quadrupole moments exhibit high gas
uptake capacities for Porous materials. Gas mixtures have different physical properties and
enthalpy of adsorption; and therefore porous sorbents usually show selective adsorption of a
certain gas over other components in a gas mixture.47 If a porous sorbent shows significant
differences in binding affinity for the components of a binary gas mixture, selective adsorption of
the component with higher enthalpy of adsorption takes place. Components of binary gas mixture
with variation of enthalpy values for adsorption cause highly selective adsorption of one species
over the other one. For example, porous materials can show high CO2/N2 selectivity values due to
higher polarizability and quadrupole moment of CO2.48 As expected, porous sorbents usually show
lower selectivity values for CO2/CH4 separation than that for CO2/N2 separation due to higher
polarizability of CH4 than that of N2.49
1.2.2 Porous organic polymers (POPs)
Porous organic polymers (POPs) is a designed material for separation of CO2 from flue gas, natural
gas, and landfill.48 Two factors should be achieved in POPs to be considered as efficient adsorbents
for large scale CO2 capture and separation; high CO2 uptake capacity and high selectivity toward
CO2.48 Regenerating POPs materials with low energy consumption, demand a moderate binding
affinity for CO2.50 One of the attractive features of POPs is having high physicochemical stabilities
in harsh conditions such as acidic and basic conditions as well as high temperatures.51 Moreover,
controlling the physical and chemical nature of the pores in POPs is as simple as appropriate
choosing of monomers and polymerization reactions.52 Functionalization of the pores with polar
7

groups such as nitrogen-rich and oxygen-rich groups can result in high binding affinity of the
framework for CO2.53Therefore, POPs which featuring such functional groups usually show high
CO2 uptake capacities and selectivity. Generally, three different approaches were used to tune the
physical and chemical properties of POPs to increase their CO2 capturing properties: Synthesizing
of ultra-high surface area POPs, increasing binding affinity of POPs for CO2 via pore size
engineering, pore functionalization with CO2-philic groups.51 Due to high surface areas, high
number of adsorption sites are provided for gas molecules, especially at high pressures.51 Adsorbed
CO2molecules in an ultra-small pore can have multiple interactions with pore walls, which form
strong framework-CO2 interactions. Due to high binding affinity and high CO2 uptakes at low
pressures, microporous organic polymers are promising candidates for CO2 separation under low
pressure settings such as post-combustion processes.54 There are different nitrogen-rich POPs have
been synthesized out of nitrogen-rich monomers through polymerization in situ upon reaction of
aldehyde-based monomers with diamine-based monomers (Figure 1.1). In pre-synthetic
approaches, either creating nitrogen-based functionalities during polymerization or polymerizing
monomers containing nitrogen-based functional groups.55 For example, benzimidazole functional
groups can be incorporated into a POP structure in situ upon reaction of aldehyde-based monomers
with diamine-based monomers and porous organic polymers functionalized with triazine and
tertiary amine moieties have been successfully prepared by suitable choice of monomers and
reaction conditions, respectively.

8

Figure1.1.Synthesis of different nitrogen rich porous organic polymers.55

9

1.2.3 Metal Organic Framework (MOFs)
Metal-organic frameworks are new class of materials for carbon dioxide capture and separation
application.56-57 One of the most attractive feature of MOFs is the ability of controlling the physical
and chemical nature of its pores physical and chemical nature (figure 1.2), due to its crystallinity
and wide diversity of organic linkers available for synthesis of MOFs,55 which is in turn directly
permit control over gas-framework interactions58 to achieve desired separation capabilities.
Moreover, the synthesis of MOFs depends on building block approach; porous structures
functionalized with CO2-philic groups could be easily synthesized and explored for CO2 separation
applications.55 High surface area is a significant property for MOFs up to 7000 m2 g-1. Accordingly,
high CO2 uptake is achieved by MOFs due to existence of number of sites.46 Different structures
of MOFs with variety of pore sizes, surface areas, and chemical functionalities have been
synthesized and studied for CO2 separation.46 An advanced feature of predicting MOFs structure
prior to their synthesis enables controlling the binding affinities for CO2. On the other hand, most
MOFs lack chemical or thermal stability, which limit their applications as CO2 sorbents. Although,
MOFs are stable toward moisture, have high surface area and CO2 uptake capacity, more studies
are required improving thermal stabilities for practical use.

Figure 1.2 Archetypical MOFs59
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1.2.4 Porous carbon
Porous carbons are solid sorbents for CO2 capture and separation application. Their properties are
high surface area, high physical and chemical stability, and hydrophobic surface. 60 Compared to
zeolites, porous carbons have lower surface area, binding affinity and CO2 uptake capacity than
that of zeolites especially at low pressures.46 At high pressure, high surface areas of porous carbons
could be achieved and accordingly high CO2 uptake capacities. As a result, porous carbons are
suitable for CO2 sorbents at high pressure separation systems.46 Moreover, the CO2 uptake capacity
of porous carbons do not usually decrease under hydrated conditions, making them promising
candidates for real-world applications where gas streams typically contain considerable water
contents.61 In addition, porous carbons are thermally stable and their regeneration can take place
at relatively low temperatures.61
1.2.5 Zeolites
Synthesis of zeolites with different strategies reflects on their porosity parameters and chemical
compositions, the relationship between CO2 capturing ability of this class of materials and their
structure can be studied.46 High CO2 uptakes are achieved because of their microporous structure
and high surface areas.46 For example, zeolite 13X, having CO2 uptake capacity of 16.4 wt. % at
0.8 bar and room temperature. In practical use, CO2 adsorption process is faster by zeolites
compared to aqueous amine solutions and lower energy required for regeneration. On the other
hand, due to their hydrophilic nature, zeolites adsorb water from flue gas and their CO2 adsorption
capacity will decrease over time due to pore filling with water.62 Further, regeneration process
required around 130oC because of their high binding affinity for CO2.63 In spite of, a lot of
researches have been performed improving these unfavorable properties for zeolites, accurate
control over porosity parameters still a question.64 In conclusion, high physicochemical stability,
11

low cost, and well-defined crystalline structure. Zeolites are promising materials for CO2 capture
and separation. However, reducing regeneration heat needs more research and effort to be
improved.
1.3 Synthetic strategy for porous carbon using solid catalyst
Nitrogen-rich heterocyclic organic monomers are suitable single source precursor to generate Ndoped porous carbons. However, organic building blocks mainly feature low thermal stability and
decompose or sublime during high temperatures of carbonization, For, Pyrazole, both acidic and
basic characteristics, which introduce to significant features: the acidity of the compound due to
the existence for NH group and the ability to form salts. Low melting point for Pyrazole (70oC)
and high tendency of reacting with strong base allow forming of nonvolatile salt. In order to
overcome volatility concern for the monomer itself. This strategy suppresses premature
sublimation/decomposition of PY and ensures subsequent activation to induce a porous structure.
Upon heating the PY–KOH powdery mixture to the melting point of PY, KOH reacts with molten
Py to yield a nonvolatile potassium–N Pyrazole salt. Thermal activation of the resultant salt
proceeds by means of excess KOH present in the system and further heating of the mixture through
well-known mechanisms such as etching (by redox reactions), gasification (by evolving gaseous
species such as H2O and CO2) and expansion (by metallic potassium) of the carbon framework
(figure 1.3).21
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Figure 1.3 Thermal activation mechanisms for KOH with N rich monomer precursor.
1.4 Classification of physisorption isotherm
Physisorption isotherm is a graph that describes the relation between the amounts of adsorbate gas
and applied pressure at constant temperature. There are different adsorption isotherms approaches
describe that behavior such as Freundlich, Langmuir and BET theory. Based on

IUPAC

recommendations, physisorption isotherms were grouped into six types based on pore structure
(Figure 1.4) .65
Type I. Type I isotherm has steep increase of adsorbed volume at low pressure, then the amount
of adsorbed approaches certain value and remain constant till P/Po=1(figure 1.4-a). Sharp uptake
at low pressure is due to interactions between porous material and inserted gas in narrow
micropores, resulting in micropore filling at very low P/Po. Usually, nitrogen and argon are used
13

to measure surface area at 77 K and 87 K respectively. Type I isotherm is reversible, both
adsorption and desorption curves are matching. Type I isotherms are indicating the existence of
microporous material with relatively small external surfaces such as some activated carbons,
molecular sieve zeolites and certain porous oxides. The slope of isotherm at very low relative
pressure determine. If slope is almost infinity, which named Type I (a) isotherms the microporose
size having mainly narrow micropores of width 1nm. In case higher slope, which typically named
Type I (b) isotherms are found with materials having pore size distributions over a broader range
including wider micropores and possibly narrow mesopores of width 2.5 nm.
Type II. Type II isotherm increases steadily at the beginning followed by a knee. Then, the
isotherm slope reduces (figure 1.4-b). At higher relative pressure, the isotherm slope increases
again. This isotherm shape is due to unrestricted monolayer-multilayer adsorption up to high P/Po.
Reversible Type II isotherms are given by the physisorption of most gases on nonporous or
macroporous adsorbents. The sharpness of the knee usually followed by almost linear section,
which indicates the completion of monolayer coverage. For less distinctive knee, an overlap of
monolayer coverage and the onset of multilayer adsorption is existing. The increase of adsorbent
volume at high P/Po in the isotherm express the thickness of the adsorbed multilayer generally.
Type III. Type III isotherm has no knee, which hinder identifying the relative pressure
corresponding to forming the monolayer (figure 1.4-c). This type of material has weak interaction
between themselves. The adsorbed molecules cluster around favorable sites on the surface. This
material is non porous or has macroporous pore structural.
Type IV. Type IV isotherm shows finite amount of adsorbed at P/Po (figure 1.4-d). This isotherm
indicates mesoporous adsorbents such as oxide gels. The mesoporous pore structural is due to
interaction between adsorbent and adsorptive. Moreover, there is an interaction between molecules
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and each other. Completing the monolayer takes place at the knee followed by pore condensation.
pore condensation is the phenomenon whereby a gas condenses to a liquid-like phase in a pore at
a pressure P/Po less than the saturation pressure of the bulk liquid.66 One of the most distinguished
features for type IV is the plateau at final saturation. Moreover, the existence of hysteresis that
accompany the condensation, when pore width exceed certain critical value, for nitrogen and argon
adsorption in cylindrical pores at 77 K and 87 K, respectively, hysteresis starts to occur for pores
wider than ∼ 4 nm).66-67
Type V. Type V express weak interaction between adsorbent and adsorbate as in type III. Pores
are filled at high P/Po by molecule clustering (figure 1.4-e). This isotherm typically indicate the
existence of water on hydrophobic microporous and mesoporous adsorbents.
Type VI. Nonporous uniform surface adsorption was represented by type VI isotherm. There are
knees (figure 1.4- f), their height reflect the capacity of each adsorbed layer. Argon or krypton at
low temperature on graphitized carbon blacks was described by this isotherm.

15

Figure 1.4 Classification of physisorption isotherms.
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1.5 Nanostructure deposition techniques for CO2 photoreduction applications
Carbon dioxide photoreduction is a promising approach, which recycle CO2 as an undesired gas
to a fuel such as methane, methanol, ethanol and mono-oxide carbon. One of the most attractive
features of this process after contributing to solve global warm problem, is the low cost and
availability requirements to complete the reaction; all needed are water, photocatalyst and source
of photon such as sun light or even normal indoor lighting can be utilized. However, reported
values of fuel production are limited and need improvement. In order to develop efficient
photocatalyst system, the main stream was innovating new materials with suitable band gap,
location of band edges, morphology and junction properties. There are many nominated techniques
to improve the efficiency of these photocatalysts such as doping or depositing oxide metals,30, 68
developing high aspect ratio nanostructure.69-73 Improvements on semiconductors have been
reported through different semiconductor systems. Wang et al. reported highest production of
methane 1361 µmol/g-1h-1 by applying ultrafine Pt nanoparticles on TiO2 single crystals. Most of
studies occurred on developing the TiO2 as a photocatalyst. More laboratory work is needed to
assess and develop other semiconductors. Photocatalytic reaction occur through series of chemical
steps as schematically illustrated in (Figure 1.5). At the beginning, the photocatalyst adsorb the
emitted photons by sun light, which in turn, excite the electrons from the valance band to the
conduction band forming ion- hole pair. Then, the electron-hole pairs diffuse to the surface causing
chemical reaction between photocatalyst and the adsorbent by charge transfer. Two different
reactions; 1) reduction, the free electrons reduce the CO2 to one of the fuel hydrocarbons; 2)
oxidation, holes oxidize water to oxygen and produce protons as illustrated in the below
equations.74
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Photocatalyst + hν →e-+ h+
Photooxidation reaction

E/(V) vs. NHE

H2O + 2h+→½ O2 + 2H+

=0.82

Photoreduction reaction
2H++2e-→H2
CO2 + e-→ CO2.-

=-0.41
=-1.9

CO2 + 2H++2e-→ HCO2H

=-0.61

CO2 + 2H++2e-→ CO+H2O =-0.53
CO2 + 4H++2e-→ HCHO+H2O

=-0.48

CO2 + 6H++2e-→ CH3OH +H2O

=-0.38

CO2 + 8H++2e-→ CH4+2H2O

=-0.24

Figure 1.5. Illustrating scheme of generation of electron-hole pairs and redox reaction
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There are many conditions for this reaction to be completed. Firstly, incident photons energy has
to be higher than the band gap of the photocatalyst to be able to excite the electron. This condition
limits the eligibility of used material as photocatayst, specially, when using sun light as a photon
source. Materials with band gap around 3ev will make use only from UV region on sunlight, which
is only 5% of emitted photons. Secondly, electron-hole pairs should diffuse to the surface to react
with the adsorbent. Formed electron-hole pairs might be trapped through defect or recombine in
the bulk or on the surface. Therefore, the nanoscale ultra-high surface area materials are the
proposed approach to enhance the visible light activity by reducing the probability of trapping the
electron during its diffusion to the surface. Third and lastly, completing the photoreaction is related
to the position of band gap of photocatalysts relatively to the adsorbant. Required condition for the
electron to transfer to the adsorbant is that the conduction band must be higher than the reduction
potential and hole transfer requires that the valence band maximum be lower than the oxidation
potential (Figure 1.6). These conditions also limit the eligible material qualified for photocatalysis.

Figure 1.6.Schematic illustration of band structures of semiconductor photocatalysts and redox.
By studying the reasons behind low obtained yield of produced hydrocarbons, the main scientific
explanations were due to either trapping the electron-hole pair within the photocatalyst structure
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or due to the poor optic, chemical and quantum properties that not effectively make the best use of
provided photons. In this project, we are working on both of these limitations. Regarding trapping
the electron-hole pair, it’s well-known that maximizing the surface area ratio influence the
diffusion performance. Because light is required for the photocatalytic reactions, the geometry
should be in a shape that light is able to reach as maximum as possible of the surface area. For this
reason, photocatalysts with high surface areas have been prepared in nanoscale geometries.
Therefore, nanostructure is the followed approach to overcome this issue, glancing atomic
deposition (GLAD) will be used to grow nanowires of semiconductor as a photocatalytic.
Regarding photocatalysts properties, various semiconductors with suitable band gaps have been
studied as potential candidates for visible light photocatalysis but majority of studies reported
using Titanium Oxide (TiO2), which considered the most suitable material for photoreduction due
to its band gap energy, the location of conduction and covalent band and its stability. The biggest
factor limiting its performance is the size of its band gap because the wavelength of light needed
for its excitation is less than 388 nm, which lies in the UV region of the electromagnetic spectrum.
This means that TiO2 can use only a very small portion of the solar energy and an even smaller
fraction of normal indoor lighting. Figure 1.6 can be used to predict which charge transfer reactions
are possible on a given semiconductor. In the past several decades, tungsten oxide has been of
great interest and has been extensively studied due to its distinctive properties of electrochromism,
photochromism, gas sensing, photocatalysis, photoluminescence, and so forth.69, 75-77Tungsten
oxide (WO3) consider as potential candidates. However, the covalent band is lower than the
reduction energy for CO2. Therefore, creation of separate energy states in the band gap by doping
or coating is a common solution for increasing the absorption of visible lights. When separate
energy states are created in the band gap the outcome can also be a dramatic decrease in activity.
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Due to the creation of recombination centers for electrons and holes .therefore, accurate control
for the coated material is required. In this work, the ALD will be utilized to coat WO3 with
nanoparticles of metal oxide. Amongst the nominated coating material, ZnO were selected for
many reasons; the location of its band gap, its depositing by ALD is well studied and the process
is direct and low cost. Schematically illustrated in (Figure 1.7), that the covalent and conductive
bands for both WO3 and ZnO with respect to each other, WO3 conductive band is lower than the
reduction energy for CO2, in contrary of ZnO. Coating WO3 by ZnO allow excited electrons in
WO3 to fill the hole in the valance band of ZnO that force the electron in conduction band of ZnO
,which is higher than reduction energy, to transfer safely to the adsorbant. This combination allows
the photoreduction to be completed with high yield. Noting that, WO3 could be excited by visible
light region. This means that the photo generated electrons can transfer from WO3to ZnO, which
is dependent on the alignment of energy levels at the interface of the WO3–ZnO heterojunction.
Electrons and holes can be generated in both WO3 and ZnO under UV-light irradiation since both
of them are good photo responsive materials. Because the relative positions of both valence and
conduction bands of WO3 are lower than those of ZnO,78-79 the typical semiconductor alignment
in composite materials that have been shown to cause a remarkable improvement in photoactivity.
Not only is light absorption improved in the composite photo system, but also the electron– hole
separation, which is enhanced by electron and hole transfer at the semiconductor–semiconductor
junction, the hole– electron separation field promotes efficient charge separation.80
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Figure 1.7.Multiple excitation system comprising narrow bandgap photocatalyst pair connected with physical
contact

1.5.1 Atomic Layer Deposition (ALD)
ALD is a modified version of the chemical vapor deposition (CVD) technique developed mainly
to address uniform and conformal thin film growth on ultrahigh-aspect-ratio structures.81-82
However, there are some limitation for sing ALD for coating; ALD technique is not preferable for
relatively big coating thickness, nanometer is the best or simple shapes. Moreover, only oxides,
halides and some metals are well studied to be coated by ALD, while, many other elements still
need further research to be coated by this technique.83 In ALD process, the reactants are introduced
in the gas phase and are separated by inert gas pulses to ensure that only one type of precursors
exists in the gas phase inside of the reactor to limit reactions only to the substrate’s surface. In
contrast, CVD the reaction may take place both in the gas phase as well as on the surface of the
substrate and hence thin film thickness and growth rate are somewhat limited. A critical
requirement for ALD is self-limiting surface chemistry wherein each precursor reacts selectively
with surface functional groups and does not thermally decompose. By sequential exposure of the
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substrate to gas-phase precursors, the thickness of the deposited thin film can be controlled at a
sub-nanometer level. The majority of ALD materials that have been deposited are metal oxides
thin films. ALD is a temperature sensitive technique. ALD is an attractive coating technique
especially, for nanoscale applications. These advantages are exclusively available in ALD
technique, which make it unique and significant in favor of Conformity, thickness control, selflimiting, pinhole free films ultra-thin, repeatedly and scalability. coating produce conformal layer
regardless the gas source position with respect to the substrate.84
Deposition process starts with adding precursors to the reaction chamber separately, one by one,
reacting with the substrate in a self-limiting process. A purge step is necessary after each
precursor’s insertion in order to remove any excess precursors’ residue or byproducts before
adding the following precursor. By exposing the substrate to sequential precursors, the desired
material starts to formation each cycle in atomic scale. The thickness of the final film deposited
depends on the number of cycles. Depositing ZnO will be explained in details to illustrate the
depositing mechanism. Employing diethyl zinc (DEZ) and H2O as the precursors used to deposit
ZnO. One cycle corresponds to depositing one layer of ZnO compound with thickness 1.09 Å
(Figure 1.8). After stabilizing the chamber temperature, which is typically 100oC in such cases.
The temperature window allowed for ALD deposition is an important factor to optimize the
coating process. Four steps are required to accomplish one cycle. First, adding DEZ which react
with hydroxyl groups on the surface of the sample, in which a layer of SiOZn(C2H5) and C2H6 gas
is formed as by product. Second, purge the chamber using nitrogen to remove ethane gas and any
leftover of DEZ. Then we have a fresh surface of SiOZn (C2H5).Third, adding H2O, which
represents the second precursor in order to react and form ZnO on the surface. Final, since ethane
gas was produced from the previous step, another purge step by nitrogen is required to clean the
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chamber. Consequently, a layer of ZnOwas formed. The thickness of the coated layer depends on
the number of cycles, knowing the deposition rate for each cycle.

SiOH* + Zn(C2H5)2→SiOZn(C2H5)* + C2H6
SiOZn(C2H5)* + H2O → ZnO* + C2H6

Choosing the process temperatures and recipes such as precursors, purge and waiting time depends
on many factors such as structure of substrate nanowires and surface nature (powder or flat).
Different recipes are discussed in details for coating ZnO on different substrates.85
In this study, we aim to establish the use of ALD to deposit nanoparticles of metal oxide on
nanowires substrates for use in clean energy applications. More specifically, nanoparticles of ZnO
will be deposited on nanowires of WO3 substrate to enhance their use in photolytic CO2 reduction
to value-added fuels like CH3OH, CO, CH4, H2, etc.

Figure 1.8. Schematic illustration of the binary ALD process of ZnO deposition.
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1.5.2 Glancing Atomic Deposition (GLAD)
One of the most prominent properties of nanostructures is their ultra-high surface to volume ratio,
which provides very high surface area for catalytic reactions. The atoms on the surface also behave
differently from their counterparts inside the bulk. Therefore, unique physical and chemical
properties of nanostructures arise from the large surface areas and the quantum confinement effects
at the nanometer scales. The nanoscale ultra-high surface area materials may have great impact on
energy related applications such as third generation solar cells, highly selective adsorption and
separation of molecules, high capacity storage of hydrogen, electrodes for high energy capacity
batteries, and highly efficient catalysts for petrochemical processes.
GLAD is a novel nanofabrication technique based on the physical vapor deposition process, which
is different from the traditional physical vapor deposition in that the substrate is tilted to a large
deposition angle and rotated by a stepper motor (Figure 1.9). Three-dimensional (3D)
nanostructures were grown on a substrate by shadowing effect and the dynamics of surface
process. The shadowing effect can be easily introduced in vapor deposition process by orientating
the substrate at a position such that the atoms arrive at the substrate from an off-normal direction.
The arriving direction, or the incident angle, can be varied from 0 to 90° during the deposition
process via changing the orientation of the substrate by a stepper motor. The substrate can be
rotated in any desired pattern by another stepper motor controlled by a computer program. Due to
the shadowing effect, only a selected portion of the surface can be exposed to the deposition flux
thus well-separated 3D nanostructures such as nanorods, nanosprings and nanodots are deposited
on the smooth surface of a substrate.86-90 The alignment and the shapes of the nanostructures are
controlled through the rotation of the substrate. A large variety of materials have been successfully
used to form 3D nanostructures by this method, including metals, semiconductors, metal oxides,
25

metal nitrides, and organic materials. In fact, GLAD is a unique nanofabrication technique that has
several advantages: (1) 3D nanostructure arrays are naturally aligned in the normal direction of the
substrate; (2) the size, separation, and number density of the nanostructures can be controlled by
the incident angle ; (3) complex 3D nanostructures can be designed and sculpted by programming
the substrate rotation patterns, as the nanorod/nanospring, which are otherwise difficult to fabricate
by conventional lithography approaches; (4) pre-fabricated templates can be used to control the
spacing, size, arrangement, and location of nanostructures. The beauty of this fabrication technique
lies in that all the structural parameters can be controlled by computer programming, which is not
possible for most other nanofabrication techniques.

Vapor

Ion
Beam

Figure 1.9. A Glancing Atomic Deposition (GLAD) system. The substrate is mounted onto a
stepper motor and rotated to create nanostructure arrays.
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1.6 Types of sorbent material for iodine capture
There are many different sorbent materials for volatile iodine capture application such as inorganic
solid adsorbents, porous (MOFs) and conjugated microporous polymers.

1.6.1 Inorganic solid adsorbents: There are many types of inorganic solid adsorbent such as
zeolite, mordenite, alumina, styrene- divinylbenzene, and silica gel has been selected as matrix of
the adsorbent, which was loaded with Ag and/or AgNO3. Silver-based zeolites and aerogels had
advantages over the caustic scrubbing system. Simplicity in operation and relatively smaller
amount of secondary waste are important features, their chemical and hydrothermal stability,
however their high cost, low adsorption of iodine and having environmental impact due to the
presence of silver, which limits their extensive use.43, 91

1.6.2 Metal–Organic Frameworks:
MOFs are another class of adsorbent with high uptake capacity for iodine40 but their poor thermal
or moisture stability impedes their application owing to the high water-content in the off-gas
reprocessing in power plants. Many researches have been done to understand their
structure−property relationships.92 Synthesizing concept of MOFs is applying organic linker as a
framework trapping the gas, at the same time, regeneration the MOFs should be easy and low
energy consuming.93 Employing MOFs for iodine capture application is considered as new field.41,
94

In spite of this, it is promising to use MOFs for iodine capture due to their significant chemistry

of iodine such as polarity,95 oxidizability,96 and conductivity97 that improve capturing properties.
The majority of researches of using MOFs for tapping iodine were performed by introducing
iodine molecules by guest exchange in iodine solution94 or by diffusion in high concentration
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iodine vapor.97 4-pyridyl benzoate (pybz) and DL-lactate were selected to create double-walled
MOFs using DMF as the organic template. After introduction of iodine molecules as new guests
by two-step crystalline state transformation, this MOF introduces high electrical conductivity
increase due to the host−guest interaction, cooperatively increasing the polar effect. However,
many obstacles were able to limit its usage such as; difficulty of introducing iodine guest; produced
MOFs which is poorly crystalline, which impeding structural characterizations, especially
determining the exact position of iodine.40 Adding iodine as precursor template at the beginning
of the synthesis may acquire MOFs with iodine molecules or different forms of polyiodide anions
trapped in the lattice during the slow release and then self-assembly processing.
1.6.3 Porous organic polymers: Porous organic polymers (POPs) have advantage of ability to
control the design, variety of synthesizing techniques and unique structures. There are many types
of porous organic polymers such as polymers of intrinsic microporosity (PIMs),98-99 hyper-crosslinked polymers (HCPs),100-101 covalent triazine-based frameworks (CTFs),102-103 covalent organic
frameworks (COFs),104-106 and conjugated microporous polymers (CMPs).107-108 Conjugated
microporous polymers has different synthesizing method as depend using metal-catalyzed cross
coupling chemistry to form 3D networks with an extended pi-conjugation. Their unique properties
of finely tuned porosity, larger surface areas, high thermal and chemical stability originating from
a rigid p-conjugated structure, which qualify their variety of potential applications such as gas
storage,109 hydrogen production,110 catalysis.111 Iodine uptake application has a special attention
due to their intrinsic porous architectures, but also owing to the existence of devisable adsorption
sites for iodine.112-114 However, low iodine capacity is considered as an important challenge that
need to be improved. Studied macrocyclic pigments such as porphyrin and phthalocyanine with
unique p-conjugated systems are enriched with a cloud of pi-electrons, which present perfect sites
28

for the adsorption of guests.115-116 The new technique for improving POPs material is preparing
porphyrin- and phthalocyanine-based porous organic polymers, that enable significant iodine
adsorption capacity. Facile catalyst-free coupling reaction for the synthesis of a novel porous azobridged porphyrin–phthalocyanine network (AzoPPN), which has favorable chemical and thermal
stability, and high efficiency for iodine capture both in vapor and solution.117
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Chapter II
Effective Approach for Increasing the Heteroatom Doping level of Porous
Carbons for Superior CO2 Capture and Separation Performance

2.1 Introduction
The need of developing a simple approach is pertinent. Preparing porous carbon using monomers
was not recommended due to its volatility and low thermal stability, while carbonization requires
high temperature. It’s worth to note that monomer was used as a precursor to synthesis N-rich
carbon, for the first time, using benzimidazole with simple calcinations process.1 recently, the
issue of volatility of monomers was suppressed by forming non-volatile salt by solid state reaction
between benzimidazole and catalyzer (KOH) at low temperature.2 Benzimidazole is suitable due
to its relative acidic nature and high tendency to form salt. Then, pores take place through thermal
activation mechanisms.3 This approach achieved high surface -area, high capacity for CO2 and
separation efficiency. In this project, a one-pot synthesis from a single monomer, pyrazole, with a
high heteroatom percentage was used to obtain a serious of porous carbons with a high nitrogen
content and improved CO2 uptake and selectivity. Selecting pyrazole was based on it being a stable
monomer containing two nitrogen atoms in a five member ring. The significance of this project
illustrates in synthesizing porous carbon with high capacity for CO2 storage and separation
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comparing with literature.4-11 Moreover, the synthesizing method is simple, low cost and reactant
materials are commercially available.
2.2 Experimental
Synthesis
PYDCs were prepared by thermolysis of pyrazole/KOH mixtures. Initially, pyrazole (98% from
Acros Organic) was sublimed before use to remove moisture and KOH (potassium hydroxide,
Fisher Scientific) was crashed and degassed for 18 hr under vacuum. Pyrazole/KOH mixtures were
prepared inside a glove box under Ar by mixing of pyrazole and KOH in 2:1weight ratio (KOH:
pyrazole). The resulting mixtures were transferred to a porcelain boat (100x20x13mm) then
inserted in a temperature programmed tube furnace (CARBOLITE) under Ar flow for thermal
activation. Many samples were prepared and tested under different conditions (activation
temperature, time, and weight ratio) to optimize the porosity and CO2 uptake (Table 2.1). Among
these samples, four samples were found to have optimal surface area and gas uptake. Temperature
was increased from room temperature to the required setting at a ramp rate 5°C/min. Samples
PYDC-550-1, PYDC-550-2 and PYDC-550-3 were activated at 550°Cor 1, 2 and 3 hr respectively.
For PYDC-600-2, the sample was activated at 600°C for 2 hr. The samples were allowed to cool
down gradually under Argon flow to room temperature (figure 2.1). Obtained carbons were soaked
in HCl (0.1 mol) to remove unreacted KOH or residue. Samples were then washed with 2 L of deionized water followed by excess ethanol to yield fine black powders. All samples were activated
at 200 °C for 18 hr under vacuum prior to porosity and gas uptake studies.
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Table 2.1 Different activation recipes to optimize Pyrazol derived carbons PYDCs
Weight
Trial

Weight KOH

Weight Mole Temp(C) Sample Yield BET

NO

PY (g) (g)

ratio

1

Ratio /time(hr) Mass

%

(M2/g) Comments

0.1030 0.2070 2.010

2.438 700/1

0.003

2.91

N/A

Small yield that can’t measure
the surface area

2

0.3045 0.6091 2.000

2.427 700/1

0

0.00

N/A

No carbon produced, decompose
before reacting , no formed salt

3

0.2040 0.6010 2.946

3.575 700/1

0

0.00

N/A

No carbon produced, decompose
before reacting , no formed salt

4

0.2040 0.4020 1.971

2.391 600/1

0.036

17.65 739

5

0.3070 0.6000 1.954

2.371 600/2

0.037

12.05 1389

6

0.3070 0.5999 1.954

2.371 550/1

0.036

11.73 1266

7

0.3020 0.9010 2.983

3.620 550/1

0

0.00

8

0.3080 0.5970 1.938

2.352 550/2

0.031

10.06 2013

9

0.3075 0.5079 1.652

2.004 550/1

0.079

25.69 716

Low molar ratio 1`:2(PY:KOH),
low surface area

10

0.3080 0.5077 1.648

2.000 500/1

0.089

28.90 612

Low molar ratio 1`:2(PY:KOH),
low surface area

11

0.3075 0.5995 1.950

2.366 550/3

0.042

13.66 1400

12

0.3006 0.5995 1.994

2.420 550/4

0.046

15.30 969

13

14

0.4140 0.7950 1.920

0.4170 0.7980 1.914

2.330 550/2

2.322 550/3

0.059

0.039

N/A

High
weight
ratio
1`:3(PY:KOH), no salt formed

14.25 1249

Higher initial masses form lower
surface area, no room for reaction
to complete properly on the boat.

9.35

Higher mass form lower surface
area, no room for reaction to
complete properly on the boat.

1213
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Characterization
Surface topography and composition were examined by scanning electron microscopy (SEM)
using a Hitachi SU-70 scanning electron microscope. Silver paste was applied to stick the samples
instead of carbon tape to avoid conflict between carbon in samples and the tape. Chemical
characterization was obtained using Energy-dispersive X-ray spectroscopy (EDX) to identify
elements in the samples. Atoms structure was identified by performing powder X-ray diffraction
(PXRD).

Elemental

composition

was

measured

by

X-ray

photoelectron

spectroscopy (XPS) technique using thermo fisher scientific ESCALAB 250 spectrometer.
Elemental analysis was obtained for carbon, nitrogen and hydrogen, on EuroEA3000 Series CHN
Elemental Analyzer (Eurovector Instruments).

Figure 2.1. Reaction of the organic building block with KOH and conversion to porous carbon
using excess KOH.
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Gas Uptake Measurements
Autosorb-IQ2 volumetric adsorption analyzer (Quantachrome instruments) was used to
characterize the obtained samples. Surface area, porosity and gas uptake were measured using gas
adsorption isotherms for N2, CO2 and CH4 after evacuating the samples at 200°C for 20hr. Specific
surface area was measured using N2 at 77K employing Brunauer-Emmett-Teller (BET) approach.
CO2, CH4, N2 adsorption isotherms were collected at 298 and 273K for each of the gases. Pore size
distribution (PSD) was calculated from N2 and CO2 adsorption isotherm data by performing
Quench Solid Density Functional Theory (QSDFT) for N2 isotherm at 77 K and Non-Local
Density Functional Theory (NLDFT) for CO2 isotherm at 273K, assuming slit-like geometry on
the carbon material. In the cumulative pore size distribution curve, microporous volume (Vmic) is
the volume of pore size corresponding to 2nm.
In a typical breakthrough experiment, the sample column was loaded with 150-200 mg of PYDCscarbon. The sample was activated at 150 °C and 5ml/min He flow. Breakthrough experiments were
conducted at 298 K and 1.0 bar. For flue gas settings, a CO2/N2: 0.5/4.5 ml min-1 (10:90) mixture
is fed through the column and the breakthrough time for each gas is assessed by recording P vs. T
curves. The complete breakthrough time is denoted as the time it takes for downstream gas to reach
the total signal of the feed gas. The selectivity (S) of CO2 over N2 was determined by applying the
following equation12:

SCO2/N2=

(Uptake CO2/Uptake CO2 and N2) / (Uptake N2/Uptake CO2 and N2)
Composition CO2 / Composition N2
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2.4 Result and Discussion
Structural Characterization
Scanning Electron Microscopy (SEM) was performed to determine the morphology of PYDCs,
which showed large pieces with rough surface. Energy-dispersive X-ray spectroscopy (EDX)
shows that PYDCs contain uniformly distributed N and O content (Figure 2.2). X-ray
photoelectron spectroscopy (XPS) was performed to identify nitrogen and oxygen functionalities
in the activated carbon. Three major peaks were centered at 286.33, 400.77 and 533.23eV
corresponding to C 1s, N 1s and O1s, respectively (Figure 2.3). The presence of oxygen in all
samples is due to the use of KOH as the activating agent. Relatively high percentage of nitrogen
is expected due to the high nitrogen content in Pyrazole. The surface percentage of nitrogen and
oxygen within the activated carbon calculated from XPS is very close to the values obtained from
micro elemental analysis (Table 2.2). The nature of carbon, oxygen, and nitrogen functionalities
was investigated by deconvolution of their 1s core level spectra. The O1s spectra reveal the
presence of three peaks (Figure 2.4) corresponding to (O-I) quinone type C=O, (O-II) phenol type
C=OH/C-O-C and (O-III) carboxylic oxygen group/water (O-1) and (O-II)peaks appeared in all
samples with binding energies 530.5-531eV and 532.1-532.9eV respectively13. (O-III) was
observed for PYDC-660-2 and PYDC-550-2 with corresponding binding energies of 534.9 and
235.3eV, respectively. The N1s functionalities indicate the presence of different species (Figure
2.5). There are three major peaks; peak (I) center is in the 400-400.7eV region for all samples.
Peak (II) and Peak (III) are positioned at 401.9 and 403.1-406.1eV region, respectively. Peak (I)
indicates existence of N-5 pyrrolic/pyridonic nitrogen,15 which is expected due to the Nheterocyclic structure of pyrazole. For peak (II), the peak at 401.9eV could result from ammonium
end group,16-19 quaternary nitrogen14, 20-23or oxidized N groups.24-26 Quaternary nitrogen atoms
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(401.3–401.9eV) including protonated pyridine or graphitic nitrogen15where the nitrogen atom is
incorporated into the graphene layer substituting a carbon atom. Peak (III)corresponds to the
presence of pyridine-N-oxide.27 Noteworthy, pyridinic nitrogen was not detected in XPS spectra
of PYDCs, which is expected because pyrollic structures rearrangement to pyridine would need a
higher temperature than 550ºC.15 Also, the presence of oxygen due to KOH use for activation
promotes the formation of N-oxides of pyridinic nitrogen and thus gives rise to N-5 and N-X
contribution.15 Schematic illustration of various nitrogen and oxygen functionalities on a typical
porous carbon is shown in Figure 2.6. All PYDCs are amorphous as evidenced by their powder Xray diffraction studies (Figure2.7).

Figure 2.2. Scanning electron microscopy (SEM) image of (a) PYDC-550-2, (b) PYDC-550-1,
(c) PYDC-550-3, and (d) PYDC-550-2. The corresponding EDS elemental mapping of PYDC550-2; (e) carbon (red); (f) nitrogen (green); and (g) oxygen (blue).
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Table 2.2. Elemental Analysis for PYDCs
Sample

N
(At %)

C
(At %)

H
(At %)

PYDC-550-1
PYDC-550-2
PYDC-550-3
PYDC-600-2

11.5
13.7
14.3
14.15

36.3
42.9
41.4
40.45

2.6
3.1
2.9
3.04

Intensity/cps

PYDC-550-1
PYDC-550-1
PYDC-550-1
O1S
PYDC-550-1

C1S

N1S
In3d

900

800

700

600

500

400

300

200

100

0

Binding Energy(eV)

Figure 2.3. X-ray photoelectron spectroscopy (XPS) survey spectra of PYDCs.

52

Figure2.4. High resolution deconvoluted O 1s spectra. A) PY-550-1 B) PY-550-2 C) PY-550-3
and D) PY-600-2.
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Figure 2.5 .Deconvoluted N1S spectra of PYDC-550-1 (A), PYDC-550-2 (B), PYDC-550-3 (C),
PYDC-600-2 (D).

Figure 2.6.Schematic illustration of various nitrogen and oxygen functionalities on a typical
porous
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Figure 2.7. XRD patterns of PYDCs and PY precursor.
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Figure 2.8. (A) Nitrogen sorption isotherm of PYDCs at 77 K (solid symbols for adsorption and
empty symbols for desorption). (B)Pore size distribution from QSDFT using N2 at 77 K isotherms.
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Textural properties
The porosity of PYDCs was investigated by nitrogen adsorption isotherm at 77 K, the BrunauerEmmett-Teller (BET) surface area ranged from 1266 to 2013m2g-1 (Table 2.3).All isotherms
(Figure 2.8) show significant increase in nitrogen uptake at low pressure then stabilize for most of
the pressure range. A sharp uptake increase near P/Po=1 in the N2 isotherm is due to nitrogen
condensation within interparticulate voids. The pore size distribution (PSD)was obtained from N2
isotherm at 77K based on Quenched Solid State Functional Theory (QSDFT) assuming slit-like
pores (Figure 2.8-b and Figure 2.9).Furthermore, PSD was investigated using CO2isotherm at
273K and nonlocal density functional theory (NLDFT) model to examine the presence of fine
micropores (Figure 2.10).1The combination of these two isotherms provides expressive pore size
distribution spectra for the whole range. Total pore volume and micro pore volume were extracted
from cumulative pore volume curve using N2 isotherm at 77K (Figure 2.9).Accordingly, the ratio
of micropore volume to total pore volume was calculated and revealed that about 60-70% of pores
are microporous for all PYDCs (Table 2.3). Pore width maxima were located in the range of 4.710.96Å (Figure 2.8). Additional broad mesopores around 30 nm were observed for all samples
activated at 550ºC (Figure 2.9). The total pore volume to micropore volume (Vtot/Vmic) ratio is
listed in Table 2.3. The highest total pore volume is reported for PYDC-550-2(1.173cm3 g-1),
whilePYDC-550-1has the lowest pore volume (0.69 cm3 g-1). PYDC-550-3 and PYDC-600-2 have
pore size volumes of 0.78 and 0.88 cm3 g-1, respectively.
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Table 2.3.Textural properties and elemental analysis of PYDCs.

SBETa

VTOTb

VMicc

Vmesoc

V0d

C

O

N

(m2 g-1 )

(cm3 g-1 )

(cm3 g-1 )

(cm3 g-1 )

(cm3 g-1 )

(wt. %)

(wt. %)

(wt. %)

PYDC-550-1

1266

0.69

0.47(68)

0.22

0.058

66.6

18.4

14.9

PYDC-550-2

2013

1.173

0.75(63)

0.42

0.065

68

16.9

15.1

PYDC-550-3

1400

0.78

0.53 (68)

0.25

0.046

68.1

16.4

15.5

PYDC-600-2

1398

0.88

0.61 (69)

0.27

0.069

68.2

16.5

15.3

Sample

a

Brunauer–Emmett–Teller (BET) surface area.bTotal pore volume at P/Po = 0.95. cDetermined by PSD assuming slit-shaped pores
and the QSDFT model from nitrogen adsorption data at 77 K (the values in parentheses are the percentage of micropore volume
relative to total pore volume).dPore volume of ultramicropores (<0.7 nm) obtained from CO 2 adsorption data at 273 K
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Figure 2.9. Pore size distribution cumulative pore volume of PYDC prepared from N2 sorption
isotherms at 77K, using QSDFT method and assuming slit pore model,(A) PYDC-5503hr,(B) PYDC-550-1hr,(C) PYDC-550-3hr,(D) PYDC-600-2hr.
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Figure 2.10. Pore size distribution and cumulative pore volume of PYDC from CO2 sorption
isotherms at 273K, using NLDFT method and assuming slit pore model.,(A) PYDC-5503hr,(B) PYDC-550-1hr,(C) PYDC-550-3hr,(D) PYDC-600-2hr.
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Figure 2.11. Gas uptake isotherms of. (A) CO2 and (B) CH4at 273K and 1.0 bar and isosteric heat
of adsorption of (C) CO2 and (D) CH4for PYDCs.

CO2and CH4 Capture performance
There are several properties that make PYDCs appealing for low-pressure selective CO2 capture;
these properties include high surface area and micropore volume, ultrafine pores (< 0.7 nm), and
high content of uniformly distributed heteroatoms like N and O. Consequently, CO2 isotherms
were collected up to 1 bar at 273K and 298K. The uptake for CO2 at 0.15 and 1.0 bar are reportedin
Table 2.4 and show that PYDC-550-2 exhibits unique properties. At 273Kand 1.0 bar, the
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CO2uptake of PYDC-550-2 reaches 8.6mmol g-1 (Figure 2.11), which drops to only 6.06mmol g1

at 298 K (Figure 2.12).This uptake is one of the highest reported for porous carbon under similar

conditions (Table 2.5). CO2 uptake at 0.15 bar is relevant to the partial pressure of CO2 in flue gas;
at 0.15 bar PYDC-550-2 exhibits high uptake 3.71 and 2.15mmol g-1at 273 K and 298 K,
respectively. These values make PYDC-550-2 among the best performing carbon reported thus
far.1
Table 2.4. CO2 uptake, heat of adsorption and selectivity values of PYDCs.
CO2capacity (mmol g-1)
0.15 bar
273K
298K

1.0 bar
273 K

PYDC-550-1
PYDC-550-2

2.99
3.714

1.788
2.15

PYDC-550-3
PYDC-600-2

2.69
3.46

1.5
2.05

CH4 capacity (mmol g-1)

Selectivity(298)

298
K
1.32
1.78

Qsta(kJ/mol)

CO2 /N2
ISb
IASTc

CO2/CH4
ISb
IASTd

20.54
18.6

85
52

49.6
23.1

19
13

12.6
9.8

1.07
1.46

24.33
23.17

99
150

114.9
128

12
17

13.4
13.2

Qsta(kJ/mol)

6.3
8.59

298
K
4.62
6.06

35.28
34.14

1.0 bar
273
K
1.92
2.26

6.24
7.219

4.05
4.96

33.249
37.102

1.89
2.26

a

Obtained from CO2 isotherm data at 273, 298, and 323 K using the Clausius–Clapeyron equation. bObtained from the initial slope of adsorption
isotherms at 298 K in the linear low pressure region. cCalculated using the IAST method at 298 K for the mixture of 0.1/0.9 for CO 2/N2 at 1
bar. dCalculated using the IAST method at 298 K for the mixture of 0.5/0.5 for CO 2/CH4 at 1 bar.

One of the major factors that predominantly affect CO2uptake is the pore size; the favorable pore
size for CO2uptake at 1 bar and 273Kis less than 0.8nm and less than 0.5 at 0.1 bar for same
temperature.28-29Interestingly, the PSDs of PYDCs show maxima at 0.47, 0.65, and 0.78nm which
favor high CO2 uptake. In addition, the presence of heteroatoms has a positive impact on CO2
uptake as such functionalities could lead to CO2interactions though dipole–quadrupole interactions
with nitrogen or hydrogen bonding with some oxygen-containing groups.30,31-32 The nitrogen and
oxygen percentages in PDYCs samples are very high (O: 14.9-15.5; N: 16.4-18.4 wt. %) which
improves CO2 uptake. Methane isotherms were also collected for all samples at 273K and 298K
up to 1.0 bar (Figure 2.11, Figure 2.12). The data given in Table 2.4 indicates that the methane
uptake is much lower than that of CO2 and range from 1.07 to 2.26 mmol g-1.
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Isosteric heat of adsorption (Qst) for CO2 and CH4 were calculated to explore the interaction
strength of these gases with PYDCs. Clausius–Clapeyron equation was used by fitting the gas
isotherm at 273K and 298K. For CO2, the zero-coverage Qstvalues range from 33.25 to 37.10 kJ
mol-1 which drop significantly with increased loading (Table 2.4, Figure 2.4 B). At low CO2
upload, the CO2 molecules interact with preferable heteroatom spread across the sample and
occupy fine pores that generate multi-wall interactions with CO2. On the other hand, the methane
Qst values (Table 2.4, Figure 2.5 D) are much lower and range from 18.6 to 24.33 kJ mol-1at low
coverage. Overall, the higher binding affinity for CO2 and its higher uptake make PYDCs
interesting materials for selective CO2 capture and separation from gas mixtures as discussed
below.
Table 2.5. CO2 capture capacity and selectivity values for recently reported porous carbons.

Adsorbent
PYDc-600-2
PYDC-550-3
a-MCN
SU-MAC500
om-ph-MR
BIDC-0.5700
MR-1.5-500
CKHP800-2

CO2 uptake at 298 K
( mmol g−1 )
1 bar
0.15 bar
4.96
2.05
4.05
1.5
2.69
4.50
-

Qst

N

Selectivity at 298 K
(IAST)
CO2/N2 CO2/CH4
128
13.2
114.9
13.4
134
124
-

(KJ/mol)
37.1
33.25
38.8
46

wt. %
15.3
15.5
14.45
5.8

1.77
4.78

18.2(at. %) 100
17.6
58.1

12.4

35

2.03

32.2
35.8

3.77
4.50

1.29
1.60

38.5
29.0

8.24
0

-

36

52.9
50

Ref.

This work
This work
33
34

1

37
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Figure 2.12. CO2 adsorption isotherms at 298K (A), CH4 adsorption isotherms at 298K (B)
for PYDCs.

CO2/CH4 and CO2/N2 Selectivity Studies
The performance of PYDCs was considered in selective CO2 capture over N2 and CH4 for potential
use in gas separation applications. Both flue gas and landfill gas are essentially a mixture of CO 2
and N2, CH4, respectively. Innovating new material with preferable separation properties would
be useful for this application. Once adsorption isotherms for CO2, N2, and CH4were collected at
273 and 298 K up to 1.0 bar, selectivity was tested to determine the favorability of this porous
carbon for CO2 over N2 or CH4.
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CO2/N2 and CO2/CH4selectivities were calculated by Initial Slope (IS) ratios, estimated from
Henry’s law constants for single-component adsorption isotherms collected at 273 and 298K
(Table 2.4). Initial Slope considers only very low pressure regions of gas isotherm. The CO 2/N2
selectivity of Py-550-1, PY-550-2, PY-550-3 and PY-600-2 were found to be 85, 52, 99 and 150
at 298 K (Figure 2.13), which are significantly higher than those reported for BIDC,1 which is a
porous carbon prepared out of Benzimidazole monomer. BIDCs porous carbon selectivity was
found to be only 12.7- 70.4 at 298K. The selectivity were also supported by ideal adsorbed solution
theory (IAST) calculation.38 The IAST method can be used to predict gas mixture behavior in
porous materials from single-component isotherms. This method allows for the prediction of
selectivities as a function of pressure and has been reported reliable estimates of gas mixture
behavior,39 which is more expressive. Accordingly, the ideal adsorption solution theory (IAST),
assuming a 10/90 mixture of CO2/N2 were used (Figure 2.15). IAST selectivity calculations are
consistent in a good agreement with those obtained from the initial slope method. The IAST
CO2/N2 selectivity of Py-550-1, PY-550-2, PY-550-3 and PY-600-2 at 298 K and 1 bar was found
to reach 49.6, 23.1, 114.9 and 128, respectively. These values are surprisingly the highest reported
for selectivity after a-MCN33(Table 2. 5), which distinct our samples and exhibits low CO2 uptake.
This significant selectivity is due to a combination of many factors. Since, the performance of
selectivity for derived carbon affected by surface area, working capacity, pore size, percentage of
heteroatom and binding affinity between gas and the walls. In most ,but not all, porous material,4041

surface area as a structural characteristic has inversely impact on selectivity. Higher surface

area enhanced CO2 uptake capacities, but, reduces the CO2/N2 selectivity because of the increase
of N2 uptake as well. This concept is consistent with our results that PY-600-2, Py-550-3 have
relatively low surface area of 1398 and 1400 m2/g and achieving high CO2/N2 selectivity of 128
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and 114.9 at 298K , outperforming other PYDCs samples. Moreover, comparing PYDCs surface
area 1266-2013 m2/g with those for BICDs of 830-2530m2/g, PYDCs reach up higher CO2/N2
selectivity with the lower surface area. Working capacity and sharp increase is an effective
indication of how far CO2 interaction with the accessible nitrogen sites is more favorable than N2
and CH4. At 298 K and 0.15 bar, typical partial pressure of CO2 in flue gas, PY-600-2uptake ofCO2
is 2.04mmol/g whereas that of N2 is only 0.028mmol/g. This noticeably high difference in uptake
reflects the affinity for CO2 rather than N2, which make PYDCs attractive for gas separation
application. Based on IAST calculation, The exceptionally high selectivity of PY-600-2, Py-5503 are about 120% and 97% higher than that of BICD-0.5-7001 and slightly higher than the
selectivity of SU-MAC-500.34 Pore size plays an important role for gas capture and separation
application. generally, the uptake capacity decrease by increasing the pore size, as smaller pore
provide interaction from both sides of the wall.29 Choi et al. have reported that small mesoporous
range 2.5-2.9 nm of pore size achieved high selectivity due to repeal N2 molecules and record low
uptakes, even for CO2.35 Opportunely, PYDCs samples achieve both High selectivity and CO2
uptake. High mesoporous 31-37% of PYDCs pores, which is much higher than (3%) the
percentage of mesoporous in BIDC-0.5-700, significantly, contributed in lowering the N2 uptake.
At the same time, CO2 uptake was high due to the matching of derived carbon pore size with
kinetic diameter of CO2 at different temperatures and pressures (Figure 2.5, Figure 2.9) as
discussed earlier. Additionally, nitrogen-rich porous carbon reveal high CO2/ N2 selectivity
values.42-43 At the same time, XPS and elemental analysis show relatively high percentage of
oxygen (Table 2.3) , that explain high uptake of CO2and consequently CO2/N2 selectivity. Isosetric
heat of adsorption (Qst) is also an important factor that measures the interaction between CO2 and
the wall of porous carbon. A high Qst37.1KJ/mol has been reported for PY-600-2 hr, which in turn,
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enhanced the CO2/N2 selectivity. It could be concluded that higher selectivity could be achieved
by both high CO2 uptake and low N2 uptake together. These could be achieved by optimizing a
combination of factors such as moderate surface area, high percentage of heteroatom and higher
percentage of mesoporosity minimizes nitrogen uptake. At the same time, high Qst, pore size fit
the kinetic diameter of CO2 at different temperature and pressures, and heteroatom percentage
maximize the CO2 uptake.
CO2/CH4 selectivity values were calculated by ideal adsorbed solution theory (IAST) calculation,
assuming 50/50 mixture of CO2/CH4 was used (Figure 2.15.B). The IAST CO2/CH4 selectivity of
Py-550-1, PY-550-2, PY-550-3 and PY-600-2 at 298 K and 1 bar was found to reach 12.6, 9.8,
13.5 and 13.3, respectively. PY-550-3 and PY-600-2 reported the highest selectivity including
those obtained by BICD-0.5-700and Zeolite-13X,39 which were 12.4 and 13.2at 298K(Table 2.6).
This high CO2/CH4 selectivity is due to moderate surface area. High CO2 working capacity and
low CH4 uptake directly enhance the selectivity, which could be noticed through sharp uptake at
low pressure, High percentage of mesoporose, high content of nitrogen and oxygen and High Qst.
The CO2/CH4selectivities of PYDCs are lower than CO2/N2 selectivity values, for the reason that
of the higher CH4 uptake compared to N2 uptake, which originate from higher polarizability of
CH4 than that of N244.
PYDCs sorbents introduce both high CO2 uptake and CO2/N2 selectivity, which is not common
between sorbents.40 therefore, It was a motivation to calculate Sorbent evaluation criteria, which
was introduced by Bae and Snurr to assess the overall performance of porous carbon taking in
consideration both gas uptake and selectivity.39 These criteria calculate sorbent selection parameter
(S),

taking in consideration the CO2 uptake under adsorption conditions (Nads1); working

CO2 capacity (ΔN1), the difference between CO2 uptake capacity at the adsorption pressure
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(Nads1at 1.0bar and298K) and desorption pressure (Ndes1at 0.1 bar and 298K)and regenerability (R),
(ΔN1/Nads1) × 100%; selectivity under adsorption conditions (αads12). PY-600-2 and PY-550-3 have
significant sorbent selection parameter value S = 1785 and 966, respectively for CO2/N2 selectivity
at 298K. These results are the highest reported comparing with ZIF-78, BILP-101 and carbon
nitride aerogel (CNA) (Table 2.6),which feature higher S values. These high values are because of
achieving very low N2working uptake, high CO2 uptake and CO2/N2 selectivity.
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Figure 2.13. Adsorption selectivity of CO2 over N2 and CH4 for PYDCs from obtained by initial
slope calculation at 273 K. CO2 (red), CH4 (blue) and N2 (green), PYDC-550-1(A), PYDC550-2(B),PYDC-550-3(C) and PYDC-600-2(D).
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Figure 2.14. Adsorption selectivity of CO2 over N2 and CH4 for PYDCs from obtained by initial
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Figure 2.15. Selectivity calculated using the IAST method at 298 K for (A) CO2/N2 and (B)
CO2/CH4.
Table 2.6. Adsorbents for separation using vacuum swing adsorption (VSA) conditions

Adsorbent
PY-550-3
PY-600-2
PY-550-1
BIDC-0.57001
CNA45
BILP-10146
ZIF-7839
Adsorbent
PY-550-3
PY -600-2
BIDC-0.57001
Ni-MOF-7439

N ads1 a[mol
ΔN1b[mol kg−1] Rc [%]
kg−1]
Flue gas (CO2/N2: 10/90)

α ads12d

Se

1.63
1.48
1.52
1.82

114.86
128.04
49.56
58

1785.54
966.03
189.82
355

0.43
0.42
98.0
0.95
0.80
84.8
0.60
0.58
96.3
Landfill gas (CO2/CH4: 50/50)

113
70
35

427
556
396

3.15903
3.937224
3.80

2.42083
2.829468
2.77

76.6
71.8
73.1

13.5
13.3
12.4

221.8
156.1
168

6.23

3.16

50.7

8.5

21

1.44
1.25
1.27
1.53

88.38
84.55
83.34
84.1

69

NPOF-1NH247
SNU-Cl-va48

2.53

2.10

82.9

9.9

91

1.51

1.21

80.6

9.7

84

N ads1 (CO2 uptake under adsorption conditions). b ΔN1 = Nads1 − Ndes1 (CO2 working capacity). c R = ΔN1/Nads1 × 100
(regenerability). d α ads12 = (Nads1/Nads2)(y2/y1) IAST selectivity. e S = (αads12)2/(αads12)(ΔN1/ΔN2); sorbent selection parameter. 1: strongly
adsorbed component (CO2). 2: weakly adsorbed component (CH4 or N2). y: molar fraction in the equilibrium gas phase.
a

Column breakthrough Studies
The CO2 separation ability of the PYDCs determined from IAST calculations was complemented
using column breakthrough studies. The breakthrough of binary gas mixtures of CO2/N2: 10/90
flown through a PYDC packed column at 298K and atmospheric pressure in dry conditions were
used to determine the breakthrough times of the gas components. The breakthrough time for N2
(within seconds) were very short compared to CO2 (Figure 2.16) in all four PYDCs indicative of
high selectivity toward CO2 in a practical setting. The CO2 signals of PYDCs were observed after
69.3, 65.1, 77.7 and 81.3 min g-1 for PYDC-550-1, PYDC-550-2, PYDC-550-3 and PYDC-600-2.
Subsequently, the CO2/N2breakthrough selectivities were calculated and were found to be 175,
167, 181 and 193 for PYDC-550-1, PYDC-550-2, PYDC-550-3 and PYDC-600-2 respectively.
Even though these values are different from those derived from IAST calculations, they display a
similar trend. Such variations in selectivity values between equilibrium and dynamic experiments
are not to be unexpected due to the different processes by which the results from the two methods
are obtained. Besides their dynamic nature, breakthrough experiments are also influenced by
factors such as adsorbent packing density, column size, column shape, effluent gas flow rate as
well as extra-column effects (figure 2.17).49-50 The breakthrough selectivity values have a much
smaller range (26) compared to the IAST values (123) which suggests that the factors that
determine breakthrough selectivity are different from the IAST method. Since the breakthrough
experiments are a dynamic process, the nature of pores of the materials contributes significantly
to gas separation ability.51 Relatively, PYDC-550-2 has the highest percentage of mesopores
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(35%) and the lowest percentage of micropores (64%) and hence has the poorest capability of
selectively sieving N2under dynamic conditions which has a higher kinetic diameter than CO2.
Whereas, PYDC-600-2 bearing the lowest percentage of mesopores (31%) and highest micropores
(69%) displayed the best CO2/N2 performance.
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Figure 2.16. Dynamic gas breakthrough curves for PYDCsPYDC-550-1 (A), PYDC-550-2 (B),
PYDC-550-3 (C) and PYDC-600-2 (D).
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Figure 2.17.Schematic representation of the dynamic gas breakthrough setup
2.5 Conclusion
We have developed a simple synthetic route to transform pyrazole into N- and O-codoped porous
carbons for selective CO2 capture and storage. Chemical activation of pyrazole with KOH
followed thermolysis afforded PYDCs that exhibit high selectivity toward CO2 over N2 and CH4.
The high nitrogen content in the pristine pyrazole leads to significant nitrogen doping levels while
the activating agent KOH provides convenient oxygen source. By controlling the thermolysis
temperature and duration and pyrazole/KOH ratio, we were able to control the chemical and
physical properties of the carbons to optimize their CO2 storage and separation performance. Data
collected from pure gas uptake studies and gas mixture breakthrough measurements show that
PYDCs compete with best performing porous carbons in the field for the highest CO2 uptake and
selectivity at ambient conditions.
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Chapter III
Synthesis and Assessment of Heteroatom Doped Porous Carbon from
Triazolo Pyridine precursor for CO2 Capture and Separation

3.1 Introduction
carbon dioxide (CO2) is a common exhaust gas produced through consuming fossil fuels.1 A
number of studies have been carried out to innovate technologies and materials that have high
capacity for storing CO2 and have low cost through a simple synthesis process. Porous carbon has
many advantages over the other adsorbents such as being a metal free material with lower cost,
lighter weight, higher physical and chemical stability, more easily dope by heteroatom, easier to
regenerate and control its electronic and chemical properties. Furthermore, the capacity of porous
carbon is tunable through increasing the percentage of heteroatom contents such as N,O and S.2
Porous carbon was introduced as an adsorbent for CO2 achieving high capacity and separation
efficiency. Monomer was used as a precursor to synthesis N-rich carbon, for the first time, using
benzimidazole with simple calcinations process.3 recently, the issue of volatility of monomers was
suppressed by forming nonvolatile salt by solid state reaction between benzimidazole and catalyzer
(KOH) at low temperature.4 Benzimidazole is suitable due to its relative acidic nature and high
tendency to form salt. Then, pores take place through thermal activation mechanisms.5 this
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approach achieved high surface -area, high capacity for CO2 and separation efficiency. According
to Lewis acid-base theory 6-8, increasing the percentage of nitrogen atoms increases the efficiency
of reaction and adsorption capacity.7 We have studied employing pyrazole as a stable monomer
containing two high nitrogen content in previous chapter. Porous carbon was successfully
syntheses with significant CO2 capacity and selectivity. In this project, further usage for employing
monomers with high heteroatom percentage has been studied seeking for upgrading the uptake for
CO2. Triazolo Pyridine contain 48wt. % of nitrogen, which is higher than nitrogen percentage in
both Benzimidazole and Pyrazole.
3.2 Experiment
Synthesis
Porous carbon (TRI-P) was synthesized by chemically activating triazolopyridine precursor
employing KOH (Potassium hydroxide, Fisher Scientific) as a catalyzer. KOH was crashed and
degassed for 18 hr under vacuum. (1H-1, 2, 3-Triazolo [4,5-b]pyridine,98%,Aldrich Chemistry)
and degassed KOH was transferred into the gloveboxunder Ar ambient . As received,
triazolopyridine and KOH were mixed with different weight ratio before carbonization for
optimizing porous carbon specification. Then, the mixture was transferred to a tube furnace under
Ar flow at different activation temperatures and durations. Temperature was increased from room
temperature to the required setting at ramp rate 5Co/min. After optimizing the storage properties
of derived carbon through each of; KOH to precursor Wight ratio, activation time and temperature,
the best four samples will be presented in this paper (Table 3.1).Samples TRI-P1 and TRI-P2 were
prepared by mixing 2:1weight ratio (KOH: precursor) for 2hr activation at 600 and 700oC,
respectively. TRI-P3 and TRI-P4 were prepared by mixing 3:1weight ratio (KOH: precursor) at
700oC for 1 and 2 hr, respectively. The samples were allowed to cool down gradually under Argon
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flow until room temperature (figure 3.1). Result porous carbon (TRI-Ps) were soaked in HCL (0.1
mol) to remove any unreacted KOH or residue. Followed by washing with 2 L of de-ionized water
and finally, samples were washed by ethanol. Thermal activation process was carried out at
temperature 200 oC for 18hr in order for the samples to be ready for characterization.

Table 3.1 Different activation recipes to optimize Pyrazol derived carbons TRI-Ps

Sample

Weight ratio
Precursor :KOH

Temperature(C) Time(hr)

BET (M2/g)

TRI-P1

1:2

600

2

1852

TRI-P2

1:2

700

2

2595

TRI-P3

1:3

700

1

2529

TRI-P4

1:3

700

2

2917

Tri-5

1:3

700

3

943

Tri-6

1:3

600

2

1490

Tri-7

1:2

800

2

1818

Tri-8

1:2

700

3

1389

Tri-9

1:4

700

2

N/A

Tri-10

1:3

900

2

N/A

Tri-11

1:3

800

2

N/A
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Figure 3.1. Reaction of the organic building block with KOH and conversion to porous carbon
using excess KOH.

Characterization and gas uptake measurement

Scanning electron microscopy (SEM) imaging and energy dispersive X-ray (EDX) maps were
collected by dispersing the material onto the surface of a Silver paste attached to a flat aluminum
sample holder using a Hitachi SU-70 scanning electron microscope to understand sample
morphology and identify contained elements in the samples. Powder X-ray diffraction (PXRD)
pattern were collected identifying atoms structure using Panalytical MPD X’pert pro instrument.
Elemental composition was measured by X-ray photoelectron spectroscopy (XPS) technique using
thermo fisher scientific ESCALAB 250 spectrometer. Samples were prepared for measuring
elemental composition by pressing into a piece of indium foil that was mounted on the sample
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holder using a double-sided sticky tape. A combination of a low-energy electron flood gun and an
argon ion flood gun was utilized for charge compensation. Autosorb-IQ2 volumetric adsorption
analyzer (Quantachrome instruments) was used to characterize the obtained samples. Surface area,
porosity and gas uptake were measured using gas adsorption isotherms for N2, CO2 and CH4 after
evacuating the samples at 200oC for 20hr. Specific surface area was measured using N2 at 77K
employing Brunauer-Emmett-Teller (BET) approach. CO2, CH4, N2 adsorption isotherms were
collected at 298 and 273K for each of the gases. Pore size distribution (PDS) was produced through
N2 and CO2 adsorption data. By performing Quench Solid Density Functional Theory (QSDFT)
for N2 isotherm at 77k and Non-Local Density Functional Theory (NLDFT) for CO2 isotherm at
273K, assuming slit-like geometry on the carbon material. In the cumulative pore size distribution
curve, micropores volume (Vmic) is the volume of pore size corresponding to 2nm.

3.3 Result and Discussion
Structural Characterization
Scanning Electron Microscopy (SEM) was performed to determine the morphology of TRI-Ps,
which showed rough surface. Energy-dispersive X-ray spectroscopy (EDX) shows that the carbon
contain uniformly distributed N and O content (Figure 3.1). X-ray photoelectron spectroscopy
(XPS) was performed to identify nitrogen and oxygen functionalities in the activated carbon. Three
major peaks were centered at 286.33, 400.77 and 533.23eV corresponding to C 1s, N 1s and O1s,
respectively (Figure 3.3). The presence of oxygen is due to the use of KOH as the activating agent.
The nature of carbon, oxygen, and nitrogen functionalities was investigated by deconvolution of
their 1s core level spectra. The O1s spectra reveal the presence of three peaks (Figure 3.4)
corresponding to (O-I) quinone type C=O, (O-II) phenol type C=OH/C-O-C and (O-III)
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carboxylic. Oxygen group/water (O-1), (O-II) and (O-III) peaks appeared in all samples with
binding energies 530.5-531eV and 532.1-532.9eV respectively.9 TRI-P2 and TRI-P4 carbons
contain 13.53 At.% and 14.04 AT.% of oxygen respectively. The N1s functionalities indicate the
presence of different species (Figure 3.5). There are four major peaks; pyridine center is in 398
eV. Pyrrolic/pyridonic center is in the 400-400.7eV region for all samples. Third peak is positioned
at 401.9, which could result from ammonium end group,11-14 quaternary nitrogen10, 15-18or oxidized
N groups.19-21 Quaternary nitrogen atoms (401.3–401.9eV) including protonated pyridine or
graphitic nitrogen,22 where the nitrogen atom is incorporated into the graphene layer substituting
a carbon atom. Fourth peaks are allocated in 403.1-406.1eV region, corresponds to the presence
of pyridine-N-oxide.23 Also, the presence of oxygen due to KOH use for activation promotes the
formation of N-oxides of pyridinic nitrogen and thus gives rise to N-5 and N-X contribution.22
Schematic illustration of various nitrogen and oxygen functionalities on a typical porous carbon is
shown in (figure 3.6).
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Figure 3.2. a) Scanning electron microscopy (SEM) image of TRI-P1. (b) SEM image of TRI-P3.
(c)SEM image of TRI-P4 (d) A SEM image of TRI-P2, and the corresponding EDS elemental
mappings of (e) carbon (red); (f) nitrogen (green); and (g) oxygen (blue).
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Figure 3.3. X-ray photoelectron spectroscopy spectra. ; Blue; TRI-P2; Red; TRI-P4

Figure 3.4. High resolution deconvoluted O 1s spectra. A) TRI-P2, B) TRI-P4
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Figure 3.5. High resolution deconvoluted N 1s spectra. A) TRI-P2, B) TRI-P4.

Figure 3.6. Schematic illustration of various nitrogen and oxygen functionalities on a typical
porous carbon.
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Textural properties
Nitrogen adsorption isotherms for TRI-Ps at 77K under a relative pressure up to 1 bar were
collected to investigate porosity and surface area. According to Brunauer-Emmett-Teller (BET)
equation; the surface areas of TRI-P1, TRI-P2, TRI-P3 and TRI-P4 are 1852, 2595, 2529 and 2917
m2g-1, respectively (Table 3.2). The isotherm shows steep increase in nitrogen uptake at low
pressure in all the samples, then, the isotherms stabilize for the rest of the pressure range in both
TRI-P1 and TRI-P2 samples (figure 3.7). While, TRI-P3 and TRI-P4 isotherms increase
throughout the rest of pressure range. It is worth to note that the isotherms are accompanied by
hysteresis. IUPAC classification24 stated that isotherms accomplished with hysteresis at certain
point between at P/Po ~0.4-0.5 represent Type IV isotherm and hysteresis H4 loop. Distinct uptake
at low relative pressure being associated with the filling of microspores. H4 loops are often
originated due to micro-mesoporous carbons. The pore size Distribution (PSD) spectra was
collected from combining two isotherms, N2 isotherm at 77K based on (QSDFT) method assuming
slit-like pores (Figure 3.8) and CO2 isotherm at 273K based on non-density functional theory
(NLDFT) model(Figure 3.9) CO2 isotherm introduces the pore size distribution of fine micropores
due to the high efficiency of CO2 occupying pores with size volume less than 0.7nm, In contrast
of N2 isotherm, which is more suitable to express wide micropores. Total pore volume and micro
pore volume values (Table 3.2) were extracted from Cumulative pore volume curve from N2 at
77K. TRI-Ps samples have a mixture of mesoporous and microporous, the percentage of micro
pore volumes to total pore size are 70, 71, 54 and 44 for TRI-P1, TRI-P2, TRI-P3, TRI-P4,
respectively. The values of pore width maxima reflect dominant values for pore size, which is
important factor explaining the CO2 uptake behavior. if pore width values are larger than kinetic
diameter of CO2, the uptake should be high.25 Pore width maxima located at 6.14/10.96 Å for TRI89

P1, 6.14/9.26/11.93/15.43 Å for TRI-P2, 6.14/10.96 Å for TRI-P3 and 6.14/10.96 /30.99Å for
TRI-P 4 (figure 3.10.) The highest total pore size reported for sample TRI-P 4 2.266cm3 g-1, and
also, the highest mesopores volume 1.256cm3 g-1.
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Figure 3.7. Nitrogen sorption isotherm of TRI-Ps at 77 K (solid symbols for adsorption and
empty symbols for desorption).
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Figure 3.8.Pore size distribution cumulative pore volume prepared from N2 sorption isotherms at
77K, using QSDFT method and assuming slit pore model, A) TRI-P1, B)TRI-P2, C)TRI-P3,
D)TRI-P4.
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Figure 3.9. Pore size distribution and cumulative pore volume of TRI-Ps from CO2 sorption
isotherms at 273K , using NLDFT method and assuming slit pore model A) TRI-P1, B)TRI-P2,
C)TRI-P3, D)TRI-P4.
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Table 3.2.Textural properties and elemental analysis of TRI-Ps.

SBETa

VTOTb

VMicc

Vmesoc

V0 d

(m2 g-1 )

(cm3 g-1 )

(cm3 g-1 )

(cm3 g-1 )

(cm3 g-1 )

TRI-P1

1852

1.006

0.71 (70 )

0.296

0.036

TRI-P2

2595

1.41

0.997( 71)

0.413

0.028

TRI-P3

2529

1.68

0.921(54)

0.759

0.024

TRI-P4

2917

2.266

1.01 (44)

1.256

0.027

Sample

a

Brunauer–Emmett–Teller (BET) surface area (P/Po range was selected according to the recent
IUPAC recommendations).bTotal pore volume at P/Po = 0.95. c Determined by PSD assuming
slit-shaped pores and the QSDFT model from N adsorption data at 77 K (the values in
parentheses are the percentage of micropore volume relative to total pore volume). d Pore volume
of ultramicropores (<0.7 nm) obtained from CO2 adsorption data at 273 K.
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Figure 3.10. Pore size distribution from QSDFT using N2 at 77 K isotherms for TRI-Ps.
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CO2and CH4 Capture performance
High surface area, majority of micropores volume with respect to total pore volume size of derived
carbon and high percentage of uniformly distributed heteroatom are good reasons to study the
performance of CO2 adsorbent at low pressure. Consequently, CO2 isotherms were collected up to
1 bar at 273K and 298K for the four samples. The uptake values for CO2 at 0.15 and 1.0 bar were
reported in (Table 3.3). TRI-P4 is the most distinguished sample among all four samples. At
273Kand 1.0 bar, TRI-P4 reaches around 6.98mmol/g, while, at 298K and same pressure, the
uptake is 4.22mmol/g (Figure 3.11). At 0.15 bar for 273K and 298K, TRI-P4 presents remarkable
uptake of 2.12 and 1.07mmol/g, respectively. There are a number of factors that affect the loading
performance of, generally, the adsorbent to CO2 such as basicity, pore size, existence of heteroatom
and polarity.26 In this article, we have focused on improving the percentage of heteroatom in the
sample and analyzing the relation between pore size and material capacity; the favorable pore size
for CO2 uptake at 1 bar and 273K is less than 0.8nm and less than 0.5 at 0.1 bar for same
temperature.6, 27Interestingly, the PSDs of TRI-Ps show maxima at 6.4, 11.3 and 16.1 nm, which
favor high CO2 uptake. In addition, the presence of heteroatoms has a positive impact on CO2
uptake as such functionalities could lead to CO2 interactions though dipole–quadrupole
interactions with nitrogen or hydrogen bonding with some oxygen-containing groups.28,29-30
Methane isotherms were also collected for all samples at 273K and 298K up to 1.0 bar (Figure
3.12). The data given in Table 3.3 indicates that the methane uptake is much lower than that of
CO2 and range from 1.74 to 2.35 mmol g-1 at 273K 1.0 bar.
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Table 3.3. CO2 uptake, heat of adsorption and selectivity values of TRI-Ps.
Co2 capacity (mmol/g)
0.15 bar
273k
298K

1.0 bar
273k

298k

Qsta(kJ/mol)

CH4 capacity (mmol/g)

Selectivity(298)

1.0 bar
273k
298k

CO2 /N2
ISb

IASTc

CO2/CH4
ISb
IASTd

Qsta(kJ/mol)

TRI-P1
TRI-P2

2.31
2.16

1.28
1.10

6.04
6.72

3.92
4.07

33.24
32.61

1.74
2.17

1.07
1.32

19.947
25.066

40.18(44)
26.96(33.7)

37.02
26.3

8.7(9.93)
5.7(7.48)

TRI-P3
TRI-P4

1.97
2.12

1.03
1.07

6.46
6.98

3.98
4.22

27.76
31.04

2.11
2.35

1.23
1.43

19.8107
27.148

27.95(27)
19.8(28.46)

22.7
20.6

5.5(6.68)
4.9(7.03)

a

6.96
5.63
5.58
4.6

Obtained from CO2 isotherm data at 273, 298, and 323 K using the Clausius–Clapeyron equation. bObtained from the initial slope of adsorption
isotherms at 298 K in the linear low pressure region. c Calculated using the IAST method at 298 K for the mixture of 0.1/0.9 for CO2/N2 at 1
bar. d Calculated using the IAST method at 298 K for the mixture of 0.5/0.5 for CO 2/CH4 at 1 bar.

.

Figure 3.11.Gas uptake isotherms of CO2 at 1.0 bar and (A) 273K (B) 298K.
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Figure 3.12.Gas uptake isotherms of CH4 at 1.0 bar and (A) 273K (B) 298K

Isosetric heat of adsorption (Qst) was calculated to explore how far the strength of CO2 interaction
with the derived carbon. Clausius–Clapeyron equation was employed by fitting the CO2 isotherm
at 273K and 298k. The Qst behavior was affected by loading CO2 into the sample. The Qst value is
gradually decreased, while loading gas into sample. At low CO2 upload, the CO2 molecules interact
with preferable heteroatom spread into the sample. Also, these molecules begin occupying fine
pores due to the interaction from both wall sides, which in turn causes the strength of interaction.
As the sample get more loads, more molecules are getting stuffed in the pores and are placed in
less preferable sites with lower strength. TRI-P1, TRI-P2, TRI-P3 and TRI-P4 were reported high
Qst 33.24, 32.61, 27.75 and 31.04KJ.mol-1 (Table 3.3) respectively, which explain the high CO2
uptake. The heat of adsorption values have reduced by 28.5%, 30.0%, 22.5% and 29.13%,
respectively (Figure 3.13). The reduction justified by the existence of micropores, which keep
adsorbing CO2 molecules and reduce the strength of interaction between atoms.
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Figure 3.13.Isosteric heat of adsorption of CO2 for TRI-Ps.

CO2/CH4 and CO2/N2 Selectivity

The performance of TRI-Ps was considered in selective CO2 capture over N2 and CH4 for potential
use in gas separation applications. Both flue gas and landfill gas are essentially a mixture of CO 2
and N2, CH4, respectively. Innovating new material with preferable separation properties would
be useful for this application. Once adsorption isotherms for CO2, N2, and CH4were collected at
273 and 298 K up to 1.0 bar, selectivity was tested to determine the favorability of this porous
carbon for CO2 over N2 or CH4. CO2/N2 and CO2/CH4 selectivity’s were calculated by Initial Slope
(IS) ratios, estimated from Henry’s law constants for single-component adsorption isotherms
collected at 273 and 298K (Figure 4.14, Figure 4.15). Initial Slope considers only very low
pressure regions of gas isotherm. The CO2/N2 selectivity of TRI-P1, TRI-P2, TRI-P3 and TRI-P4
were found to be 40.18, 26.96, 27.95 and 19.88 at 298 K (Table 3.3) which are comparable to those
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reported for BIDC,3 which is a porous carbon prepared out of Benzimidazole monomer. BIDCs
porous carbon selectivity was found to be only 12.7- 70.4 at 298K. The selectivity were also
supported by ideal adsorbed solution theory (IAST) calculation.31 The IAST method can be used
to predict gas mixture behavior in porous materials from single-component isotherms. This method
allows for the prediction of selectivities as a function of pressure and has been reported reliable
estimates of gas mixture behavior,32 which is more expressive. Accordingly, the ideal adsorption
solution theory (IAST), assuming a 10/90 mixture of CO2/N2 were used (Figure 3.16). IAST
selectivity calculations are consistent in a good agreement with those obtained from the initial
slope method. The IAST CO2/N2 selectivity of TRI-P1, TRI-P2, TRI-P3 and TRI-P4 at 298 K and
1 bar was found to reach 37.02, 26.3, 22.7 and 20.61, respectively. Selectivity is due to a
combination of many factors. Since, the performance of selectivity for derived carbon affected by
surface area, working capacity, pore size, percentage of heteroatom and binding affinity between
gas and the walls. In most ,but not all, porous material,33-34 surface area

as a structural

characteristic has inversely impact on selectivity. Higher surface area enhanced CO 2 uptake
capacities, but, reduces the CO2/N2 selectivity because of the increase of N2 uptake as well. This
concept is consistent with our results that TRI-P1 has relatively low surface area of 1852 and
achieving higher CO2/N2 selectivity of 37.025 at 298K amongst all TRI-Ps carbons, outperforming
other TRI-Ps samples.
CO2/CH4 selectivity values were calculated by IAST calculation, assuming 50/50 mixture of
CO2/CH4 was used (Figure 3.17). The IAST CO2/CH4 selectivity of TRI-P1, TRI-P2, TRI-P3 and
TRI-P4 at 298 K and 1 bar was found to reach 6.9, 5.6, 5.58 and 4.9 respectively. High CO2
working capacity and low CH4 uptake directly enhance the selectivity, High percentage of
mesoporose, high content of nitrogen and oxygen and High Qst. The CO2/CH4selectivities of TRI-
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Ps are lower than CO2/N2 selectivity values, for the reason that of the higher CH4 uptake compared
to N2 uptake, which originate from higher polarizability of CH4 than that of N2.35
TRI-Ps sorbents introduce both high CO2 uptake and CO2/N2 selectivity, which is not common
between sorbents.33 therefore, It was a motivation to calculate Sorbent evaluation criteria, which
was introduced by Bae and Snurr to assess the overall performance of porous carbon taking in
consideration both gas uptake and selectivity.32 These criteria calculate sorbent selection parameter
(S),

taking in consideration the CO2 uptake under adsorption conditions (Nads1); working

CO2 capacity (ΔN1), the difference between CO2 uptake capacity at the adsorption pressure
(Nads1at 1.0bar and298K) and desorption pressure (Ndes1at 0.1 bar and 298K) and regenerability
(R), (ΔN1/Nads1) × 100%; selectivity under adsorption conditions (αads12). TRI-P1 and TRI-P2 have
significant sorbent selection parameter value S =113.9 and 79.7, respectively for CO2/N2
selectivity at 298K.
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Figure 3.14. Adsorption selectivity of CO2 over N2 and CH4 for TRI-Ps from obtained by initial
slope calculation at 273 K. CO2 (red), CH4 (blue) and N2 (green), A) TRI-P1, B) TRI-P2,
C) TRI-P3 and D) TRI-P4.
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Figure 3.15. Adsorption selectivity of CO2 over N2 and CH4 for TRI-Ps from obtained by initial
slope calculation at 298 K. CO2 (red), CH4 (blue) and N2 (green), A) TRI-P1, B) TRI-P2, C)
TRI-P3 and D) TRI-P4.
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Figure 3.16. Selectivity calculated using the IAST method at 298 K for CO2/N2
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Figure 3.17. Selectivity calculated using the IAST method at 298 K for CO2/CH4.
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3.4 Conclusion
A series of new porous carbons (TRI-Ps) have been synthesis and evaluated its performance in
selective CO2 capture and super capacitance application. TRI-Ps exhibit CO2 capture capacity of
4.22mmol g−1 at 1 bar and 298K, 6.98mmol g−1 at 1 bar and 273K. The development of majority
of microporous offered a high CO2 storage capacity to TRI-Ps. Activating high nitrogen content
precursor produces porous carbon with high CO2 uptake. However, TRI-Ps carbon nitrogen
content is 5-7At. %. High CO2 uptake achieved as a result of preferable pore size, surface area,
and high oxygen content and high Qst values. Based on IAST calculation, high CO2/N2 selectivity
(113.9) at 298K was achieved due to both High CO2 capacity and repealing N2 molecules by
produced carbon. High percentage of oxygen also enhanced CO2 uptake by offering favorable
heteroatom sites, high Qstand moderate surface area offers suitable environment for CO2 molecules
to access and repeal N2 molecules, CO2/N2 selectivity (113.9) at 298K based on IAST calculation
The concept of employing high heteroatom content in used precursor enhance CO2 storage
capacity could be extended to other monomers as inexpensive, available precursor and noncomplicated process, that could be more reasonable to replace common synthesizing methods for
porous carbon, specially, producing competitive CO2 storage capacity and significant CO2/N2
selectivity. TRI-Ps carbons can be used for supercapacitance application due to high nitrogen
percentage and high surface area.
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Chapter IV
Atomic Layer Deposition of Nanostructured semiconductor of potential use
for CO2Photoreduction

4.1 Introduction
Carbon dioxide photoreduction is a promising approach, which recycle CO2 as an undesired gas
to a fuel such as methane, methanol, ethanol and mono-oxide carbon. One of the most attractive
features of this process after contributing to solve global warm problem, is the low cost and
availability requirements to complete the reaction; all needed are water, photocatalyst and source
of photon such as sun light or even normal indoor lighting can be utilized. However, reported
values of fuel production are limited and need improvement. In order to develop efficient
photocatalyst system, the main stream was innovating new materials with suitable band gap,
location of band edges, morphology and junction properties. There are many nominated techniques
to improve the efficiency of these photocatalysts such as doping or depositing oxide metals1-2,
developing high aspect ratio nanostructure3-7. Improvements on semiconductors have been
reported through different semiconductor systems. Wang et al. reported highest production of
methane1361 µmol g-1 h-1 by applying ultrafine Pt nanoparticles on TiO2 single crystals. Most of
studies occurred on developing the TiO2 as a photocatalyst. More laboratory work is needed to
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assess and develop other semiconductors. By studying the reasons behind the low obtained yield
of produced hydrocarbons, the main scientific explanations were due to either trapping the
electron-hole pair within the photocatalyst structure or due to the poor optic, chemical and quantum
properties that not effectively make the best use of provided photons. In this work, the ALD will
be utilized to coat WO3 with nanoparticles of metal oxide. Amongst the nominated coating
material, ZnO were selected for many reasons; the location of its band gap, its depositing by ALD
is well studied and the process is direct and low cost.
4.2 Experiment
Synthesis
Tungsten oxide vertically aligned nanowires have been fabricated by applying (GLAD) on ITO
coated glass substrates in an E-beam evaporation system. Vapor incident angle was set to 85 in
this preliminary study. The substrates were rotated continuously at a constant rotational speed of
30 revolutions per minute. The growth rate was monitored by a quartz-crystal microbalance
(QCM) and controlled in the range of 1 and 4 Å/s. We also demonstrated the capability to fabricate
high-surface-area 3D nanostructures as the silicon nanosprings. After nanowires growth at room
temperature, we suspected that the tungsten oxide nanowires are amorphous. Thus, we annealed
the samples at 500 C for 1 hour in air in an annealing furnace. Thin layers of zinc oxide with an
estimated thickness of 1 – 2 nm were coated on the samples using ALD reactor at temperature
100Co. The DEZ and H2O pulses time were 0.02 Sec and 0.06 Sec, respectively. The purge time
was 20 sec. Sixteen samples have been prepared; all samples have the same structure and
dimension for the nanowires. Each four samples were coated by ZnO with different thicknesses,
which controlled by applying 5, 8, 10 and 15 cycles employing ALD technique. Two out of these
four samples were annealed before coating. Therefore, two samples with the same recipes were
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prepared. In addition, silicon substrates were prepared for each recipe for characterization
purposes. All the samples were subjected to CO2 photoreduction experiment for obtaining
preliminary results indicating quality of material for photoreduction application.

Characterization
Surface topography and composition were obtained by scanning electron microscopy (SEM) using
a Hitachi SU-70 scanning electron microscope. The SEM images of the nanowires (Figure 4.1).
The nanowires have a large aspect ratio and the whole sample is microporous and has a very high
surface area. We did not observe morphological change of the samples after annealing. Due to the
ultra-thin thickness of the ZnO coating, the morphological change is not noticeable in our samples
by SEM. Therefore, TEM was necessary to monitor the nanoparticles of ZnO (Figure 4.2), which
reflects uniform conformal distribution for the ZnO nanoparticles, non-continues layer is required
to allow the photons to excite electrons in WO3. The optical adsorption of the WO3nanowires
before coating was measured in a UV-Vis spectrometry (Figure 4.3). Our sample demonstrates
adsorption bands in the visible wavelength. Therefore, this type of nanomaterial can be used as
photocatalysts for our proposed applications.
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Figure 4.1. Scanning electron microscope (SEM) cross-section images of (a) vertical tungsten
oxide nanowires (sideview), (b) vertical tungsten oxide nanowires (top view),(c)Silicon
nanospring (top view),(d) Silicon nanospring (side view) arrays grown by GLAD.

Figure 4.2.TEM micrograph for vertical nanowirescoated by ZnO using ALD for 15 cycles
112

Figure 4.3. The UV-Vis optical adsorption spectrum of the tungsten oxide nanowires grown on ITO

4.3 Results and Discussion
High density WO3 array were grown (Figure 4.1). The average diameter of the nanowires is
100nm, while the wires length is around 400 nm. It’s noticeable that the separation between
nanowires is good enough to allow coating along the nanowires length. The smoothness of
nanowires indicates the crystal morphology. After 15cycles of ZnO, surface texture became rough
(figure 4.2).The WO3-ZnO nanowires with different ALD cycles were subjected to
CO2photoreduction. CO2conversion was effectively accomplished and methane fuel gas was
produced. The production of methane gas increased by increasing coating cycles, WO3 nanowires
coated by ZnOnano particles for 15 ALD cycles achieved the highest yield yet 1.24 µmol g-1 h-
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1

with non-annealing sample (Figure 4.4). The ZnO thickness play an important role in CO2

photoreduction yield.

Figure 4.4. Methane yield of WO3-ZnO nanowires with different ALD cycles with function of
irradiation time.
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Figure 4.5. The produced yield of methane vs. number of ALD cycles
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The results obtained of producing methane out of CO2 reduction indicate some inferences. First,
the combination of selected material was effective, as ZnO coating create a suitable band alignment
of WO3 and ZnO conduction and valance band edges. Electrons have been transferred from
WO3conduction band to fill the holes inZnO valence band, which motivate releasing the excited
electron in ZnO conduction band. Consequently, the reduction of CO2 to methane occurred.
Second, we can conclude that WO3 plans structure allowed a fruitful growth for ZnO on its surface
with no defects between the two materials interfaces. Finally, as forming methane requires eight
H+ and two electrons, then, both ZnO and WO3were exposed to the gas and oxidized water forming
protons, therefore, gave the chance for both electrons and holes to transfer to the adsorbant and
complete reduction-oxidation reactions.

5.4 Future Work
In scope of material characterization, XRD patterns for coated nanowires will be collected and
compared against those of the uncoated pristine supports to ensure that the framework maintained
its original crystallinity. XPS will be used to investigate the oxidization state and its chemical
environment. Detailed structural and morphological analyses by (HRTEM) to identify structure
plans of nanowires. Atomic force microscopy (AFM) is needed to calculate the roughness of
nanowires by increasing ALD cycles. Photoluminescence (PL) will be performed to show emission
peak. On the scale of optimizing coating thickness, different numbers of coated cycle is still
required untill figuring out the best thickness of ZnO to achieve the maximum methane gas
production. As expected, the gas production should be increase by increasing number of cycles
(thickness) due to providing ideal environment for photon to transfer to the adsorbant .then, the
performance start to decline due to blocking the way of photons from reaching the photo catalyst
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(WO3). Moreover, creation of recombination centers for electrons and holes. As noticed, the
sample achieved highest gas production coated by 15 cycles of ZnO (Figure 4.5). Therefore; it has
planned to be coated by 20, 25 and 30 cycles until the produced methane start to decrease with
increasing coating cycles.
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Chapter V
Adsorption and Reversible storage of volatile Iodine for Nuclear Application

5.1 Introduction
The excessive emission of carbon dioxide (CO2) gas into the atmosphere, mainly believed due to
the burning of fossil fuels, contributes significantly to the increase in temperature of the earth’s
surface and climate change.1-3 Possible solutions include CO2 capture and storage before its release
into the atmosphere from coal-fired power plants and replacement of fossil fuels with more
efficient, safe, and environment-friendly renewable energy sources. The most prominent method
for the capture and separation of CO2 from post-combustion of fossil fuels is the wet-scrubbing by
the use of amine-based solutions such as monoethanolamine.4 Such process has many
shortcomings that include solvent decomposition and evaporation, toxicity, high energy
consumption for the regeneration of amine and recovery of the CO2.5 Nuclear energy is considered
to be one of the best alternatives to fossil fuels given its high energy density and low carbon
footprint. Nevertheless, exhaust fumes of nuclear energy power plants contain significant
radioactive materials such as 129I and 131I isotopes which have half-lives of approximately 8 days
and 15.7 years, respectively, impose major environmental and public concerns.6-9 Moreover, fast
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removal of iodine in case of nuclear accidents is of particular importance since it can accumulate
in biological living things at high rates.
Solid inorganic adsorbents such as silver-doped zeolites and metal organic frameworks (MOFs)
have been used in CO2 and iodine capture and sequestration (CCS).10, 11The former have found to
have low CO2 and iodine uptakes due to their limited accessible surface area.12, 13 Furthermore,
the high cost of silver-based materials and their environmental impact impede their use at an
industrial scale. MOFs show higher CO2 and iodine uptake capacities compared to zeolites,
however, their poor stability in water or humid conditions make them impractical for such
applications since exhaust fumes from nuclear and fossil fuel reactors contain high level water
vapor content. Porous organic frameworks (POPs) are made of covalently bonded light atoms such
as H, B, C, N, and O, have superb thermal and chemical stability, high surface area, tunable pore
size and functionality, and most importantly stable in wet condition which make them ideal for use
in CO2 and iodine capture from flue gases and nuclear power plant exhaust fumes, respectively.1418

As such, there has been a great interest in the use of POPs as adsorbents for CO2 and iodine. In

particular, nitrogen-rich POPs have been found to increase the CO2 uptake and selectivity over
other gases such as nitrogen and methane. It has been shown that the incorporation of nitrogen
atoms into the framework increases the number of basic sites leading to more CO2 binding through
specific dipole-quadruple interactions.19,20, 21Up to date, several POPs have been developed to
capture and store volatile iodine.22-29 The performance of these POFs depends mainly on the
surface area, pore volume, and active sites such as the presence of heteroatoms (N, S, etc.) which
leads to enhanced iodine affinity that originate from the lone pairs on the heteroatoms and the
iodine molecules interactions.
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5.2 Assessment of Adsorption and Reversible Storage of Volatile Iodine of BILPs polymers
5.2.1 Experiment
BILP-A and BILP-B are new series of polymers, which have been synthesized in EL-Kaderi lab
(figure 5.1). In this project, Gravimetric changes of iodine uptake capacity as a function of
timestudies have been performed. Moreover, the reversibility, liquid sorption isotherm and
sorption kinetics have been studied.
Synthesis of BILP-A. Tetra (4-formylphenyl) ethylene (50 mg, 0.112 mmol) was charged into a
Schlenk flask (100 ml) and dissolved in 30 ml anhydrous DMF. The solution was cooled to -30 °C
and treated dropwise with 15 ml solution of 1,2 ,4,5-Benzenetetramine tetrahydrochloride ( mg,
mmol) in anyhrdous DMF kept stirring at -30 °C for 3 h. The resultant brown slurry was allowed
to warm up to room temperature overnight. The reaction mixture was bubbled with air for 15
minutes, transferred to an oven and heated to 130 °C and incubated for 72 h. The resulting brown
polymer was isolated via filteration over a medium glass frit and subsequently washed with DMF,
acetone, water, 2M HCl, 2M NaOH, water, and acetone.
Synthesis of BILP-B. 9,9’-spirobi[fluorine]-4,4’,5,5’-tetracarbaldehyde (SFTA) (45 mg, 0.105
mmol) was charged into a Schlenk flask (100 ml) and dissolved in 30 ml anhydrous DMF. The
solution was cooled to -30 °C and treated dropwise with 15 ml solution of 1,2,4,5Benzenetetramine tetrahydrochloride ( mg, mmol) in anyhrdous DMF kept stirring at -30 °C for 3
h. The resultant brown slurry was allowed to warm up to room temperature overnight. The reaction
mixture was bubbled with air for 15 minutes, transferred to an oven and heated to 130 °C and
incubated for 72 h. The resulting brown polymer was isolated via filteration over a medium glass
frit and subsequently washed with DMF, acetone, water, 2M HCl, 2M NaOH, water, and acetone.
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Figure 5.1. A scheme of the Synthesis of BILP-A and BILP-B.

Iodine Capture. Iodine uptake experiments, based on gravimetric measurements, were performed
by measuring 50 mg of degassed BILPs powder in an open thermos resistant glass vial, which was
placed inside a bigger sealed glass vial containing 500 mg of iodine solids. The whole system was
heated at 358K and 1.0 bar using an oven for different time intervals until saturation. After 30min,
1hr, 1.5hrs, 2hrs, 2.5hrs, 3hrs and 5hrs, the polymer powders were cooled down to room
temperature and weighed. Immediately after removing the sample from the oven, the cap was
opened to allow the sublimed non adsorbed iodine vapor to get out of the flask, in order to avoid
the temperature gradient, which would cause iodine deposition on the surface of polymer powders.
The iodine uptake capacities for BILPs were calculated by measuring gains after adsorbing iodine
vapor.
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Iodine Release. Iodine reversibility was performed by adding 15 mL of ethanol to 5 mg of iodine
loaded polymers in a vail. Iodine released after 10min, 30min, 1hr, 3hr, 5hr and 48hr were
monitored by UV−vis spectrophotometer using the same solvent in the examined solution as a
blank. After equilibrium, the absorbance of iodine were collected by UV−vis spectrophotometer
and the concentration of released iodine were calculated. A calibration curve for dissolved iodine
in ethanol was experimentally plotted using UV-Vis spectrophotometer, was used to measure the
released amount of iodine from loaded polymers.

Liquid Sorption kinetic. Sorption kinetic was studied as following: two concentrations of iodinecyclohexane (300mg/ml) and (100mg/ml) were prepared. 5mg of fresh prepared BILPs were
soaked in 5 ml of each of iodine-cyclohexane concentration for 30 min, 1hr, 2hr, 3hr, 5hr, and
48hr. then, samples were filtered and iodine were monitored by UV−vis spectrophotometer for the
solvent. The amount of absorbed iodine calculated using the same solvent in the examined solution
as a blank. Data were fitted using the linear form of the pseudo-first-order and second order kinetic
model.

Adsorption isotherm. Adsorption isotherms were collected as follows: different concentrations
of iodine-cyclohexane 0.03 mg/ml, 0.05 mg/ml, 1 mg/ml, 2 mg/ml, 3 mg/ml and 4 mg/ml were
prepared. 5mg of fresh BILPs samples were soaked in 5ml of each concentration for 72hr to reach
equilibrium. The samples were filtered and solvent measured by UV−vis spectrophotometer. The
corresponding concentration of iodine in each solvent were used to fit the isotherm using both
Langmuir and Freündlich isotherm model.

122

5.2.2 Results and Discussion
BILPs polymers were synthesized in El-Kaderi lab, the textural properties were characterized as
well as the CO2 uptake were measured (Table 5.1). High surface area, CO2 uptake and conjugation
in their structures are good reasons to have satisfying performance for Iodine uptake.
Table 5.1: Textural Properties of BILPs

SA(BET)

PSD

Pore Vol.

Pore

Pore

Vol.(Tot.)

2

m /g

nm

cm-3/g-1

Vol.(Mic.)

(Ult.Mic.)

cm-3/g-1
cm-3/g-1

BILP-A

926

0.67

0.53

0.271(51.1)

0.0221

BILP-B

887

0.72

0.48

0.277(57.7)

0.0297

Iodine uptake. BILPs sample were exposed to iodine vapor at 358.15 K and 1.0 bar, the samples
color changed by time as iodine diffused inside the samples. The sorbents were weighted
gradually, the sorption behavior was relatively fast within porous iodine sorbents, and the
equilibrium was achieved after 5-6 hrs. The iodine uptake capacity of BILP-A and BILP-B were
227.8 wt. % and 202.8 wt. % respectively. The high uptake capacity for BILPs is due to the
existence of Π-conjugated structure that has strong affinity to iodine molecules. Moreover,
polymer networks containing such electron-rich compounds have potential to increase the capture
capacity for iodine molecules because ion pair electrons of heteroatoms can enhance the interaction
between the adsorbents and adsorbates.12-13

Iodine Release. Iodine could be released by placing the loaded samples in organic solvent such as
ethanol. Kinetics of iodine desorption was obtained by employing UV-Vis absorbance of the
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iodine in the solvent time-dependently. All filtered solvents containing iodine showed two
absorbance maxima at 291 and 360nm, indicating the presence of polyiodide anions.14 The
released iodine increased with time in a frame of 48hr, which is different from vapor adsorption
time for equilibrium. Releasing iodine take place linearly from the adsorbent shows that host−guest
interactions releasing mechanism.15 Iodine release process could be observed by darken solvent
color gradually by time for BILPs samples (figure 5.2, figure 5.3).

Figure 5.2. Photographs showing the visual color changes of the I2 release process for BILP-A
(5mg) soaked in 15 ml of ethanol.

Figure 5.3. Photographs showing the visual color changes of the I2 release process for BILP-B
(5mg) soaked in 15 ml of ethanol.
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Iodine releasewere monitored by UV−vis spectrophotometer using the same solvent in the
examined solution as a blank. Different concentration of iodine in ethanol were measured
thecorresponding absorbance (figure 5.4, figure 5.5) for BILPs.
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Figure 5.4.The UV/vis spectra of BILP-A for the iodine release process.
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Figure 5.5.The UV/vis spectra of BILP-B for the iodine release process.

By using the calibration curve for iodine concentration vs absorbance, corresponding
concentrations of absorbance values of filtered solvent at equilibrium were calculated. BILP-A
shows ability of releasing 95.8% of captured iodine, while, BILP-B released 82.22%, which are
high values when compared with literature.16-17
Liquid Adsorption. Adsorption isotherms were investigated by using I2 dissolved in cyclohexane
and analyzed by UV-vis spectroscopy. In this project, two different BILPs samples were studied
due to its diverse in structural. Typically, they were degassed for 12 hours at 100 °C before
loading. Then, 5 mg of each material was soaked in a vial with 5 ml of a cyclohexane (5
mL)/I2 0.03 mg/ml, 0.05 mg/ml, 1 mg/ml, 2 mg/ml, 3 mg/ml and 4 mg/ml) solution at room
temperature (no stirring). The resulting dispersion settles in a few minutes, and UV/vis
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spectroscopy was used to characterize the filtered solvent and measure the iodine concentration.
Typically, the best sorbents exhibit the maximum loading capacity, reached after 72 hours of
soaking. Visually, the color diluted by time (figure 5.6, figure 5.7)

(A)

(B)

Figure 5.6. A) Photographs showing the visual color changes of the iodine -cyclohexane process
for BILP-A before, B) after soaking process for 72 hours.

(A)

(B)

Figure 5.7. A) Photographs showing the visual color changes of the iodine -cyclohexane process
for BILP-B before, B) after soaking process for 72 hours.

Both Langmuir and Freundlich models have been considered for the interpretation of sorption
isotherm curves (figure 5.8, figure 5.9). The Freundlich equation fits very well the sorption curves
obtained with BILP-A and BILP-B indicating a heterogeneity of adsorption process on the surface.
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This slight deviation from the Langmuir equation can reflect the heterogeneity of the surface.
Nevertheless, these experimental data are also described by using the Langmuir equation.
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Figure 5.8.Experimental iodine adsorption isotherms by Langmuir model at RT. Red: BILP-A;
Black: BILP-B; Ce: iodine concentration at equilibrium; Qe: iodine adsorbed quantity.
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Figure 5.9.Experimental iodine adsorption isotherms by Freundlich model at RT. Red: BILP-B;
Black: BILP-A; Ce: iodine concentration at equilibrium; Qe: iodine adsorbed quantity.

Iodine sorption kinetics were studied by soaking BILPs (5mg) samples in 5ml of iodine-cyclohexane
for two different concentrations 0.1 mg/ml and 0.3mg/ml. The mixtures were stilled for different time
periods 30min,1hr,2hr,3hr, 5hr and 48hr, the color lightened gradually by increasing soaking time for
BILP-A and BILP-B (figure 5.10, figure 5.11). The filtered solutions were detected by UV-Vis
spectrum.
Iodine sorption kinetics were investigated by considering different equations: pseudo-first and pseudosecond order kinetic models. The pseudo-first order kinetic equation best describes time dependence for
the I2 adsorption in cyclohexane (figure 5.12, figure 5.13). This model based on the adsorption capacity,
indicates that adsorption process reaction is more inclined towards physisorption. Several reactions in
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general follow chemisorption initially and then to over a very short period of time physisorption take
place .18
(A)

(B)

Figure 5.10. A) Photographs showing the color change of iodine enrichment progress when 5 mg
of BILP-A was immersed in cyclohexane solution of iodine (0.3 mg/ml, 5 mL). B) (0.1 mg/ml, 5
mL)
(A)

(B)

Figure 5.11. A) Photographs showing the color change of iodine enrichment progress when 5 mg
of BILP-B was immersed in cyclohexane solution of iodine for different time intervals (0.3 mg/ml,
5 mL). B) (0.1 mg/ml, 5 mL).
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Figure 5.12. The pseudo first order sorption kinetic model of BILP-A at various initial concentrations.
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Figure 5.13. The pseudo first order sorption kinetic model of BILP-B at various initial concentrations.
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5.2.3 Conclusion
New series of polymers has been synthesized with different characteristics, high surface area and
suitable pore size for these material qualify it for iodine uptake application. The iodine uptake
capacity of BILP-A and BILP-B are227.8 wt. % and 202.8 wt. % respectively. BILP-A shows
ability of releeasing 95.8% of captured iodine, while, BILP-B released 82.22%.Ssorption curves
were fitted by Freundlich equation indicating a heterogeneity of adsorption process on the surface.
The pseudo-first order kinetic equation best describes time dependence for the I2 adsorption in
cyclohexane. This model based on the adsorption capacity indicates that the reaction is more inclined
towards physisorption.
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5.3 Nitrogen Rich porous Polymers for Carbon Dioxide and Iodine Sequestration for
Environmental Remediation

5.3.1 Experiment
Preparation of polymers
Terephthalaldeyde, anhydrous dimethyl sulfoxide (DMSO), tetrahydrofuran, acetone, and
dichloromethane were purchased from commercial suppliers (Sigma-Aldrich, Acros Organics,
TCA America, and Frontier Scientific) and used without further purification, unless otherwise
noted. 1,4-bis-(2,4-diamino-1,3,5,-triazine)-benzene30 and 1,3,5-tris(4-formylphenyl)benzene 31
were prepared according to literature procedures.
Synthesis of NRPP-1. A 50 mL round-bottom flask equipped with a condenser and a stir bar was
charged

with

1,4-bis-(2,4-diamino-1,3,5,-triazine)-benzene

(552

mg,

1.86

mmol),

terephthalaldehyde (500 mg, 3.73 mmol) and DMSO (15 ml). The resultant suspension was
degassed with argon for 15 min then heated to 180 °C for 72 h under inert atmosphere. The
reaction flask was then cooled to room temperature and the resultant material was filtered, washed
with acetone, tetrahydrofuran, dichloromethane, and dried under vacuum at 120 °C to afford
NRPP-1 as a white powder in 65% yield. Anal. Calcd for C28H16N10: C, 68.29%, H, 3.27%; N,
28.44 %. Found: C, 41.06%; H, 4.68%; N, 27.56%.
Synthesis of NRPP-2. In a similar fashion to the preparation of NRPP-1, a 50 mL round-bottom
flask equipped with a condenser and a stir bar was charged with 1,4-bis-(2,4-diamino-1,3,5,triazine)-benzene (198 mg, 0.668 mmol), 1,3,5-tris(4-formylphenyl)benzene (350 mg, 0.896
mmol) and DMSO (5 ml) to afford NRPP-2 as a white powder in 58% yield. Anal. Calcd for
C144H84N30: C, 77.40.99; H, 3.79%; N, 18.81%. Found: C, 31.63%; H, 3.38%; N, 23.26.
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Gas adsorption studies. Autosorb-IQ2 volumetric adsorption analyzer (Quantachrome
instruments) was used to collect CO2 adsorption isotherms. Samples were evacuated at 100oC for
20 hr prior collecting the isotherms. Specific surface area was measured using N2 at 77K
employing Brunauer-Emmett-Teller (BET) approach. CO2adsorption isotherms were collected at
298 and 273K.Pore size distribution (PSD) was produced through N2 and CO2 adsorption data. By
performing Quench Solid Density Functional Theory (QSDFT) for N2 isotherm at 77k and NonLocal Density Functional Theory (NLDFT) for CO2 isotherm at 273K, assuming slit-like geometry
on the carbon material.
Iodine adsorption and release. Iodine uptake studies were investigated for iodine vapor and
iodine dissolved in cyclohexane. For vapor iodine, the gravimetric uptake of iodine vapor was
collected by scaling 50 mg of NRPPs into open glass container, which was placed in anther sealed
containing I2 pieces. The whole system was heated at 80oC under ambient pressure. After specified
time intervals, the samples were cooled down to room temperature before weighed till reaching
equilibrium. The weight percentage of captured Iodine where calculated using following
equation

m2 -m1
m1

*100 wt%, Where m2 and m1 are masses of polymer powder before and after

iodine. For the adsorption capacity of dissolved iodine in liquid, both adsorption isotherms and
kinetics were studied separately. Adsorption isotherms were collected by preparing different
concentrations of iodine-cyclohexane 0.03 mg/ml, 0.05 mg/ml, 0.1 mg/ml, 0.2 mg/ml, 0.3 mg/ml
and 0.4 mg/ml. 5mg of fresh NRPPs samples were soaked in 5ml of each concentration for 72 hr
until reaching equilibrium. The samples were filtered and solvent used for measuring amount of
iodine by UV−vis spectrophotometer. Kinetics of liquid sorption was studied, by immersing 5mg
of fresh prepared NRPPs polymers in 5 ml of two concentrations of iodine-cyclohexane
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(300mg/ml) and (100mg/ml).For instance, 24 hr worth of data and with different time interval,
samples were filtered and iodine was monitored by UV−vis spectrophotometer.
To evaluate the reversibility for iodine sorption of NRPPs, Ethanol was used as polar organic
solvents to release captured iodine from polymers framework.31-34 15 mL of ethanol was added to
5 mg of iodine loaded polymers in a vial. The amount of released iodine was detected after
specified time intervals by UV−vis spectrophotometer.
Physical Characterization. Scanning electron microscopy (SEM) using a Hitachi SU-70
scanning electron microscope after coating samples with Pt film. Energy-dispersive X-ray
spectroscopy (EDX) was performed to identify elements in the samples. Powder X-ray diffraction
(PXRD) was employed to identify atoms structure. The Fourier transform infrared (FT-IR) spectra
were recorded from 400-4000cm-1on Nicolet – Nexus 670 FT-IR. UV/Vis spectrum was collected
on HP (Aglient) 8453 UV-visible. Thermal gravimetric analysis (TGA) was carried out on a Perkin
thermo-gravimetric analyzer apparatus with heating rate of 5 °C/min with under a N2 flow ranging
from 20 °C to 1000 °C. Elemental analysis was performed for carbon, nitrogen, and hydrogen on
EuroEA3000 Series CHN Elemental Analyzer (Eurovector Instruments).
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5.3.2 Results and discussion

Synthesis of Polymers
The synthesis of NRPPs was carried out by copolymerization of 1,4-bis-(2,4-diamino-1,3,5triazine)-benzene with terephthalaldeyde and 1,3,5-tris(4-formylphenyl)benzene in DMSO at 180
°C for three days under an inert atmosphere as depicted in figure 5.14.32 This copolymerization
route has been employed before and the reaction proceed to link the building blocks through the
formation of aminal linkages.

32 33, 34

The resulting NRPPs are chemically stable which enabled

their isolation and use under ambient conditions. Due to their highly cross-linked nature, NRPPs
are insoluble in common organic solvents such as THF, toluene, dichloromethane and acetone.

Figure 5.14. Synthesis of nitrogen-rich porous polymers (NRPPs).
Structure analysis. The connectivity between the building blocks was first established by
collecting Fourier transform infrared (FT-IR) spectra for both NRPPs (Figure 5.15a). The FT-IR
spectra show a broad band at approximately 3410 cm-1 corresponding to N-H aminal stretching
vibrations of a secondary amine and a distinct triazine quadrant stretch at 1520 cm-1. Moreover,
peaks for the triazine -NH2 stretching (3470 and 3420 cm-1) or deformation (1607 cm-1) and those
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of the aldehyde’s C=O (1690 cm-1) and C-H (2870 cm-1) stretching are either absent or strongly
reduced. These observation supports the successful conversion of the functional groups initially
present in the building blocks into aminal linkages and thus the formation of the polymers. Solidstate 13C cross polarization magic angle spinning NMR (CP-MAS) spectra of NRPPs were
collected (Figure 5.15b) and show carbon resonances at 166 ppm (C-triazine ring), 128 and 139
ppm (C-aryl), and 55 ppm (C- -aminal functionality). 32 PXRD spectra show no peaks for NRPPs
polymers (Figure 5.16), consistent with their expected amorphous nature while the SEM images
for NRPPs samples show aggregation of nanoparticles of diameter ~ 100 nm and 250 nm for
NRPP-1 and NRPP-2 (Figure 5.17), respectively.
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Figure 5.15. (A) Fourier transform infrared (FTIR) spectra of NRPPs polymers (B) TGA data
for NRPPs and I2 loaded NRPPs.
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Figure 5.16. XRD patterns of NRPPs.
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Figure 5.17. Scanning electron microscope (SEM) of as prepared NRPP-1(A) and NRPP-2 (B).

Porosity Measurements and Textural Properties. The porosity of NRPP-1 and NRPP-2 was
evaluated via N2 (at 77 K) adsorption-desorption isotherms presented in Figure 5.18-a. Both
polymers display a sharp N2 uptake at very low pressure (P/Po< 0.01) followed by a plateau P/Po
which signifies the permanent microporous nature of the polymers.38 The sharp uptake at P/Po>0.9
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is caused by adsorbate condensation within interparaticle voids. The Brunauer-Emmett-Teller
(BET) method was applied to calculate the specific surface areas of the polymers using the
adsorption branch of N2 isotherms (Table 5.2). The polymers possess high porosity with surface
areas of 1579 m2/g and 1028 m2/g for NRPP-1 and NRPP-2. The pore size distributions (PSD) of
NRPP-1 and NRPP-2 were elucidated from NLDFT fittings of the adsorption and desorption
branches of N2 (77 K) isotherm with carbon as adsorbent and slit/cylindrical pores (Figure 5.18b). NRPP-1and NRPP-2 have dominant pores of around 0.68 and 0.70 nm respectively. The total
pore volumes determined from single point adsorption values at P/P0 = 0.90 are 0.91 cm-3/g-1 and
0.81 cm-3/g-1 for NRPP-1 and NRPP-2 respectively. The micropore volume analysis from the
quenched solid density functional theory (QSDFT) fitting showed that NRPP-2 had a slightly
higher percentage of micropores (53.5%) than NRPP-1(33.6%). The higher micropore volume in
NRPP-1 is a significant as the nature and degree of presence of different types of pores in porous
polymers play a critical role in their gas sorption and selectivity properties.
Table 5.2. Textural Properties of NRPP-1 and NRPP-2
a

SA(BET)
2

-1

m g

b

PSD
nm

c

Pore Vol.(Tot.)
-3 -1

cm g

d

Pore Vol.(Mic.)

cm-3 g-1

NRPP-1
1579
0.68
0.91
0.487(53.5)
NRPP-2
1028
0.70
0.81
0.272(33.6)
a
b
Brunauer–Emmett–Teller (BET) surface area. Dominant pore size determined by QSDFT fittings of N 2 isotherms at
77K. cTotal pore volume at P/ Po = 0.90. dMicropore volume determined by DFT (the values in parenthesis are the
percentage of micropore volume relative to total pore volume)
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Figure 5.18. (A). N2 isotherms of NRPP-1 and NRPP-2 at 77 (B) Pore size distribution of
NRPP-1 and NRPP-2 from N2 isotherms at 77 K.
Gas Uptake and Selectivity Studies
Microporous materials possessing pores pre-dominantly below 0.1 nm have been known
to exhibit desirable CO2 capture and separation properties.39 To further elucidate such properties
of NRPP-1 and NRPP-2, single CO2 gas isotherms were measured at 273 and 298 K (Figure 5.19).
The CO2 isotherms display minimal hysteresis indicating regenerability of the polymers by
pressure reduction at ambient pressure or applying vacuum. This is due to the Lewis basic nature
of imidazole moieties which display a strong affinity for acidic and polarizable CO2 molecules.4042

In comparison, NRPP-2 displays a slightly higher CO2 (7.06and 2.22mmol g-1 at 273 and 298K

respectively) uptake than NRPP-1(6.10and 3.71mmol g-1 at 273 and 298K respectively) at 1 bar
(Table 5.3). This is due to the Lewis basic nature of nitrogen moieties which display a strong
affinity for acidic and polarizable CO2 molecules. The binding affinity of CO2 to the polymers’
pore walls was evaluated via their heat of adsorption, Qst values, calculated using the Virial
equation. Consistent with the trend observed for the trend in uptake NRPP-1 and NRPP-2
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displayed Qst values of 28 and 29.1 kJ mol-1 at zero coverage respectively (Figure 5.20-a). The
binding affinities gradually decrease with increasing CO2 loading due to saturation of binding sites.
The Qst values of the NRPPs are within close proximity of the optimum value for CO2 capture
from flue gas (~33 kJ mol-1) as previously postulated in literature. The CO2 uptakes of NRPP-1
and NRPP-2 are amongst the highest of other nitrogen rich polymers including BILPs,41-44
ALPs,45,46 azo-COPs47 and PECONFs.48
The CO2 uptake at 1 bar is not a conclusive depiction of a porous material’s performance to
capture CO2 from gas mixtures as the partial pressure of CO2 varies depending of the ratio of gases
present in the mixture. Additionally, we were encouraged by some key properties including
respectable surface area, Qst, CO2 uptake as well as narrow pores which make them promising
candidates for selective capture of CO2 in predominantly CO2/N2 and CO2/CH4 gas mixtures. As
such, we have conducted selectivity studies for flue gas, CO2/N2, and landfill gas, CO2/CH4,
compositions using two well established methods: initial slope and Ideal Adsorbed Solutions
Theory (IAST). For flue gas mixtures, the initial slope method yielded CO2/N2 selectivities of 21
and 24 for NRPP-1 and NRPP-2 respectively. This trend was in agreement with values for IAST
selectivities (CO2:N2 = 10:90) of 21 and 36 for NRPP-1 and NRPP-2 (figure 5.21-a) respectively.
In this case the highCO2/N2selectivity of NRPP-2 can be attributed to the presence of the larger
ratio of nitrogen moieties induced from the tris(4-formylphenyl)benzene building block used in
the polymer’s synthesis. This leads to a higher CO2 uptake in the low pressure region relevant to
the partial pressure of CO2 in flue gas compositions. For landfill gas composition, the initial slope
method displayed a CO2/CH4 selectivity of 5 for both NRPP-1 and NRPP-2 whereas IAST yielded
values of 5.3 and 7.4 for NRPP-1 and NRPP-2 (figure 5.21-b) respectively. The CO2/CH4
selectivity is calculated at higher partial gas pressure of both gases therefore the uptake at these
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pressures has a direct correlation with selectivity. Previous reports have established that, CO2
uptake is heavily dependent on pore functionality whereas CH4 uptake is more influenced by
surface area.49 As a result NRPP-1 is observed to have a higher CH4 than NRPP-2 (1.12 versus
1.07 mmol/g at 298K and 1 bar). This is translated in the higher CO2/CH4 selectivity values for
NRPP-2 which has lower surface area than NRPP-1.

Table 5.3. Gas uptakes, heat of adsorption and selectivity of NRPPs
a

a

CO2 uptake at 1
bar
Polyme
r
NRPP1
NRPP2

a

CH4 uptake at 1
bar

N2 uptake at 1
bar

b

Selectivity
CO2/N CO2/CH

273K

298K

Qst

273K

298K

Qst

273K

298K

2

4

6.10

3.71

28

1.94

1.12

20.8

0.55

0.31

21 (21)

5.3 (5)

7.06
2.22 29.1
1.33
1.07 20.4
0.67
0.24
36 (24)
7.4 (5)
Gas uptake in mmol g-1, and isosteric heat of adsorption (Qst) at zero coverage in kJ mol-1. bSelectivity (mol
mol-1, at 1.0 bar) calculated by IAST method at mole ratio of 10:90 for CO 2/N2 and mole ratio of 50:50 for CO2/CH4
at 298 K and values in parenthesis are calculated from by the initial slope method.
a
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Figure 5.19. CO2, CH4 and N2 uptake isotherms of NRPP-1 and NRPP-2 at 273 and 298 K
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Figure 5.21. (A) IAST CO2/N2 and (B) CO2/CH4 selectivity at 298 K of NRPP-1 and NRPP-2
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Capture and reversible storage of iodine
Iodine uptake studies were carried out by exposing activated NRPPs to iodine vapor inside a closed
vessel leading to sample color change from pale yellow to dark brown. The maximum iodine
uptake capacity of NRPP-1 and NRPP-2 are 192 wt. % and 222 wt. % (Figure 5.22), respectively,
these values are among the highest reported for porous materials.16, 45-48 The iodine sorption rate
is relatively fast when compared to other porous sorbents and the uptake reaches equilibrium after
1.0 hr and 1.5 hr for NRPP-1 and NRPP-2, respectively. The high iodine capture capacity of
NRPPs can be attributed to a combination of several factors such as high porosity, high N-doping49,
and Π- electron conjugated structures16, 50 of the polymers. The thermal stability for iodine-loaded
NRPPs samples and iodine uptake was tested by thermogravimetric analysis (TGA) under nitrogen
(Figure 5.23). The pristine polymers exhibit thermal stability up to 550 °C consistent with their covalent
nature while the TGA curves of the iodine-loaded samples show that the material lose ~ 60-70% of their
weight at around 100 °C due to iodine sublimation consistent with the gravimetric uptake of iodine by
NRPPs.
Reversible iodine uptake and release by porous adsorbent is vital for their effective use and
therefore, NRPPs were subjected to such studies. As stated above, iodine release from iodineloaded NRPPs upon thermal heating leads to iodine sublimation and thus adsorbent (NRPPs)
regeneration as evidenced by TGA studies. Furthermore, iodine release in ethanol under ambient
conditions was monitored by UV-vis. The gradual iodine release into solution is accompanied by
color change from light to dark yellow as a function of time. The UV-vis spectra of the filtrates
show two absorbance maxima at 291 and 360 nm (Figure 5.24, 5.25) that support the presence of
polyiodide anions.51 The released iodine increased with time in a frame of 24 hr (Figure 5.26),
which is different from vapor adsorption time required to reach equilibrium. The linear release of
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iodine from NRPPs during the first 20 minutes indicates that host−guest interactions releasing
mechanism (Figure 5.26).16, 52, 53 Equilibrium was achieved after 24 hrs of soaking iodine loaded
NRPPs samples. Interestingly, both NRPPs show excellent ability to release adsorbed iodine (~
98%) which reduces Reducing the rate of desorption by time, indicating controlled-release process
by free diffusion.54
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Figure 5.22. (a) Color change for NRPPs by loading with Iodine (b) Gravimetric uptake of iodine
as a function of time for NRPPs.
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Figure 5.24.The UV/vis spectra of NRPP-1 for the iodine release process.
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Figure 5.25.The UV/vis spectra of TNRPP-2 for the iodine release process.
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Removal of dissolved iodine by NRPPs. The ability of adsorbents to rapidly remove dissolved
iodine is very important for nuclear waste management. We have tested the competency of NRPPs
by immersing samples of the polymers in cyclohexane solutions having variable concentrations of
iodine then monitored iodine removal by performing UV-vis studies on the filtrates. Iodine
removal was very visible as the dark pink color of the iodine solutions became lighter with time
(Figure 5.27). It was noticed that the iodine uptake by NRPPs increased quickly during the first
15 min then only modest increase was observed until equilibrium was reached. After 72 hours of
soaking, the polymers were removed by filtration and the iodine concentration in the filtrates was
fitted using calibration curves to determine the maximal amount adsorbed iodine (Figure 5.28,
5.29). To gain insight into the iodine adsorption mechanism, we fitted the adsorption isotherms
using the Langmuir model (Figure 5.30a). Langmuir isotherms were generated by plotting 1/Ce vs
1/qe; where Ce is the equilibrium concentration of iodine (mg/L) and qe is the amount of iodine
adsorbed per gram of NRPPs at equilibrium (mg/g). Langmuir model assumes monolayer coverage
on a homogeneous surface with identical adsorption sites and equal adsorption activation energy.
The results show that the correlation coefficients (R2) of linear fitted Langmuir isotherm models
are high indicating that the adsorption isotherms could be well fitted by the Langmuir model.
Furthermore, we tested the Freundlich model by plotting Ln(Qe) vs Ln(Ce) to better understand the
iodine adsorption processes (Figure 5.30b). In contrast to Langmuir model, Freundlich model
assumes heterogenic multilayer interaction and reversible adsorption. According to our results
summarized in Figure 5.30 and Table 5.4, the correlation coefficients of the linear fitted Freundlich
isotherms are higher than those obtained for Langmuir model fittings. However, both models seem
to adequately describe iodine adsorption isotherm with relatively high correlation coefficients. It
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should be noted that the enhanced fitting by the Freundlich model is most likely because NRPPs
have three potential adoption sites for iodine; phenyl rings, triazine moieties, and aminal N-H sites.

Figure 5.27. (A) Different concentrations for iodine in cyclohexane before soaking NRPPs, after
soaking for72 hr (B )NRPP-1, (C) NRPP-2
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Figure 5.28. UV/Vis for different concentrations of iodine in cyclohexane.
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Figure 5.30. Experimental iodine adsorption isotherms at RT. for NRPPs; Ce: iodine concentration
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Table 5.4. Langmuir and Freundich parameters of NRPPs for Iodine
Langmuir

Freundlich

qm

Kl

R2

1/n

Kf

R2

NRPP-1

302.11

0.025

0.9623

0.8875

0.72

0.9982

NRPP-2

505.05

0.00378

0.9954

0.5244

2.6

0.9997

Langmiur model: qm = maximum monolayer coverage capacity (mg/g) K L = Langmuir isotherm constant
(L/mg) for Freundlich model: Kf = Freundlich isotherm constant (mg/g) n = adsorption intensity.
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Sorption Kinetics

Adsorption kinetics studies are required to describe the mechanism of adsorption, the rate of loading
iodine on NRPPs and maximum capacity. Many models could be used to describe the adsorbtion
kinetics. In this paper, pseudo-first and pseudo-second order kinetic models were used to fit kinetic
curves. Results showed that only the pseudo-first order kinetic model best describes time dependence
for the I2 adsorption in cyclohexane for NRPP-1 and NRPP-2 (figure 5.31, 5.32) respectively. This
model based on the adsorption capacity indicates that the reaction is more inclined towards
physisorption..48 Which is expected since no metal in the frame work to contribute in chemical reaction
with iodine. The linear equations and correlation coefficients R2 were calculated (table 5.5).
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Figure 5.31. The pseudo first order sorption kinetic model of NRPP-1 at various initial
concentrations.
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Table 5.5. Parameters of pseudo first-order model of NRPPs for iodine at two iodine cyclohexane
concentrations 300mg/ml and 100mg/ml.

Pseudofirst-order model
Concentration

300 mg/ml

100 mg/ml

Qo

Kl

R2

Qo

Kl

R2

NRPP-1

33.92

0.2706

0.8338

300.19

0.3432

0.8422

NRPP-2

36.266

0.0585

0.9727

36.34

0.0269

0.9791

qe adsorbed amount at equilibrium (mg/g), respectively, K 1 is the pseudo-first-order constant of adsorption
process (1/h).
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Figure 5.32. The pseudo first order sorption kinetic model of NRPP-3 at various initial
concentrations
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5.3.3 Conclusion
Two new nitrogen rich, highly porous polymers were synthesized employing Schiff base reaction.
Given their high surface area, nitrogen decorated pores, and electron-rich aromatic structures, an
exceptional CO2 uptake of 7.06 mmol g-1 was obtained which represent the second highest value
reported to date for POPs. In addition, these polymers can capture up to 222 wt. % of volatile
iodine and release over 98 % of the loaded iodine when immersed in ethanol solution at room
temperature. The adsorption isotherms can be described by either the Langmuir or the Freundlich
model, with more enhanced fitting for the latter one. The good performance of the NRPPs in both
CO2 and iodine uptake may suggests that POPs with high nitrogen content and electron-rich
aromatic structure s, along with moderate mesporosity may offer a promising solution for the everincreasing environmental concerns posed by fossil fuel and nuclear energy.
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Chapter VI
Concluding Remarks

New sorbent materials have been synthesized using new synthetic strategies and precursors for
CO2 storage and separation and iodine capture applications, which require advanced sorbent
materials. In the first project, developing efficient sorbents for CO2 capture from flue gas and
removal from methane-richgases like natural gas and landfill gas is very important for
environmental protection. A newseries of heteroatom doped porous carbon was synthesized
directly from pyrazole/KOH bythermolysis. The resulting pyrazole-derived carbons (PYDCs) are
highly doped with nitrogen(14.9-15.5 wt. %) as a result of the high nitrogen to carbon ratio in
pyrazole (43 wt. %) and alsohave high oxygen content (16.4-18.4 wt. %). PYDCs exhibit high
surface area (SABET =1266–2013 m2 g−1), high CO2 Qst (33.2-37.1 kJ/mol), and a combination of
mesoporous andmicroporous pores. PYDCs exhibit significantly high CO2 uptakes that reach
2.15mmol g

−1

and 6.06 mmol g−1 at 0.15 and 1bar, respectively, at 298 K. At 273 K, the CO2

uptake improves to 3.7 mmol g−1 (0.15 bar) and 8.59 mmol g−1 (1 bar). The reported porous carbons
also show significantly high adsorption selectivity for CO2 /N2 (128) and CO2/CH4(13.4) as
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determined by the (IAST) calculation using pure gas isotherms at 298 K. Breakthrough study of
CO2 /N2 (10:90) at 298Kwere performed showing excellent separation properties. The ability to
tailor the physicalproperties of PYDCs and their chemical composition at well provides an
effective strategy for designing efficient CO2 sorbents. For real-world applications, gas streams
typically contain considerable water contents. The CO2 uptake capacity of porous carbons
expected to be decreased under hydrated conditions. Therefore, it would be important to study the
H2O uptake capacity for derived carbon and calculate its influence in CO2 uptake.

In the second project, a new series of heteroatom doped porous carbon was synthesized to
develop efficient CO2adsorbents directly from Triazolo Pyridine/KOH by thermolysis. The
resulting Triazolo-derivedcarbons (TRI-Ps) contain significant amounts of nitrogen (5-7 wt. %) as
a result of high nitrogen to carbon ratio in triazolo pyridine (48 wt. %). These sorbents also have
high oxygen content (16.4-18.4 wt. %) which favors CO2 capture. TRI-Ps exhibit high surface area
(SA BET =1852-2917 m2g −1) with a combination of mesoporous andmicroporous pores. TRI-Ps
exhibit CO2 capture capacity of 4.22 mmol g−1at 1 bar and 298K, 6.98 mmol g−1at 1 bar and 273K.
The development of majority of microporous offered a high CO2storage capacity to TRI-Ps.
Activating high nitrogen content precursor produces porous carbon with high CO2 uptake.
However, TRI-Ps carbon nitrogen content is 5-7 at.%High CO2uptake achieved as a result of
preferable pore size, surface area, and high oxygen content andhigh Qst values. Based on IAST
calculation, high CO2 /N2 selectivity (113.9) at 298K was achieved due to both High CO2 capacity
and repealing N2 molecules by produced carbon. Highpercentage of oxygen also enhanced CO2
uptake by offering favorable heteroatom sites, high Qstand moderatesurface area offers suitable
environment for CO2molecules to access and repeal N2 molecules, CO2 /N2 selectivity (113.9) at
298K based on IAST calculations.
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In the third project, a combination of two innovative depositing techniques ALD and
GLAD were employed toengineer nanostructured surfaces. High density WO3 array was grown
with accurate control over diameter, length, and separation distances. The average diameter of the
nanowires is 100nm,while the wires length is around 400 nm. These nanowires were decorated
with nanoparticles ofZnO employing ALD depositing technique. The deposited nanoparticle
uniformly distributedalong the wires with different thickness by operating the system for different
number of cycles.This composite material has a potential use for CO2photoreduction application.
Preliminary results wereobtained by using WO3-ZnO surface for photoreduction application
showed CO2 conversion to methane,which indicate ZnO coating create a suitable band alignment
of WO3 and ZnO conduction andvalance band edges. It is assumed that electrons get transferred
from WO3 conduction band to fill the holesinZnO valence band, which motivate releasing the
excited electron in ZnO conduction band.Finally, as forming methane requires eight H+ and two
electrons, then, both ZnO and WO3 wereexposed to the gasand oxidized water forming protons,
therefore, gave the chance for both electrons and holes totransfer to the adsorbant and complete
reduction-oxidation reactions. Practically, ZnO is not preferable for CO2 photoreduction process,
due to its chemical instability. Deposited ZnO nanoparticles are expected to dissolve after number
of photoreduction cycle. Thus, it’s recommended to use more stable oxide material such as TiO2.
However, the concept of upgrading electron energy has been verified.

In the last project, new polymers have been synthesized with different characteristics; high
surface area andsuitable pore size for use in iodine uptake applications. The iodine
uptakecapacities of BILP-A and BILP-B are 227.8 wt. % and 202.8 wt. %, respectively. BILP-A
showsability of releasing 95.8% of captured iodine, while, BILP-B released 82.22%.Sorption
curveswere fitted by Freundlich equation indicating a heterogeneity of adsorption process on
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thesurface. The pseudo-first order kinetic equation best describes time dependence for the I2
adsorptionin cyclohexane. This model based on the adsorption capacity indicates that the reaction
is moreinclined towards physisorption. New series polymers have been synthesized with different
characteristics. The iodine uptakecapacity of NRPP-1 and NRPP-2 are 192.35wt. %and 222.35 wt.
%, respectively. NRPP-1 shows the ability of retaining 97.8% of captured iodine and NRPP-2
released 98.01%. Sorption curves were fitted by Langmuir equation indicatinga heterogeneity of
adsorption process on the surface. The pseudo-first order kinetic equation bestdescribes time
dependence for the I2adsorption in cyclohexane. This model based on the adsorptioncapacity
indicates that the reaction is more inclined towards physisorption.
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